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ABSTRACT 

^ A steel  structural  1:50  model  test  program  has  been  conducted 

for  the  942-ft.,  33-knots,  SL-7  Containership.  This  report  describes  devel- 
opment of  the  model,  through  the  test  program  and  then  to  the  test  results. 

The  principal  stresses  measured  were  longitudinal  normal  stresses  and  shear 

‘ 

stresses.  The  model  was  loaded  by  means  of  calibrated  steel  weights  and 
precision  pulleys.  The  vertical  and  lateral  bending  responses  corresponded 
closely  to  elementary  beam  theory;  the  vertical  shear  amidships  pattern 
appeared  to  have  the  correct  shape  for  the  known  boundary  conditions  at  the 
keel  and  deck  edges;  and  the  torsional  responses  indicated  that  the  bow  and 
stern  sections  and  machinery  box  offered  considerable  warping  restraint.  A 
finite  element  analysis  of  the  model  and  ship  midship  sections  indicated  that 
nearly  the  same  torsional  response  was  observed  for  each.  /r 
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Section  I. 


INTRODUCTION 


Modern  containerships  are  constructed  with  extremely 
large  hatch  openings  in  the  main  deck  so  that  the  containers 
can  be  loaded  into  the  ship  directly  with  an  overhead  crane. 
The  tendency  recently  has  also  been  to  increase  the  speed 
of  these  ships,  thereby  resulting  in  very  fine  hull  forms. 
The  combination  of  these  two  features  leads  to  a hull  which 
is  much  more  flexible  in  torsion  than  ordinary  break-bulk 
cargo  ships  and  tankers,  since  the  ability  of  the  open  main 
deck  to  carry  shear  loadings  is  virtually  nil.  Probably  one 
of  the  most  significant  examples  of  the  state-of-the-art  in 
containership  design  is  the  Sea-Land  containership  SL-7. 

The  principal  features  of  this  design  are 


Length  between  perpendiculars  880 '-8" 

Length  overall  942 '-0" 

Beam  105'-6" 

Depth  64' -0" 

Design  Draft  30'-0" 

Service  Speed  33  knots 


This  report  details  a structural  model  test  program  on 
this  ship.  The  purposes  of  this  study  were  many.  First, 
since  it  would  not  be  possible  to  provide  a large  amount  of 
instrumentation  on  board  the  full  scale  ship  and  since  the 
seaway  loadings  of  the  ship  are  not  known  in  any  real  detail 
a structural  model  could  provide  a more  comprehensive  view 
of  the  structural  deflections  and  stresses  for  various  compo 
nent  loadings  than  the  real  ship  data.  Second,  even  though 
the  structure  of  the  ship  is  amenable  to  analysis  by  finite 
element  techniques,  no  comparisons  are  available  of  torsiona 
response  calculations  with  those  of  a typical  ship  structure 
It  is  hoped  that  the  structural  model  data  will  provide  suf- 
ficient information  with  which  to  check  and  validate  the 
finite  element  calculations,  or  to  determine  which  effects 
need  to  be  included  in  order  to  model  accurately  the 
structural  mechanics.  Third,  the  effect  of  warping  res- 
traint afforded  by  closed  sections  of  the  hull  on  torsional 
response  is  not  clearly  known  for  hull  forms  with  a signi- 
ficant amount  of  shape,  such  as  this  ship.  The  test  program 
has  been  designed  to  investigate  this  specific  point. 

The  following  sections  outline  the  development  of  the 
model,  the  instrumentation,  the  test  program  and  procedures, 
and,  finally,  the  test  results  arrived  at  in  this  study. 
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II . Development  of  the  Model 


Introduction 


In  the  development  of  the  actual  model , the  model  scale 
was  of  primary  concern.  From  the  point  of  view  of  ease  of 
construction  and  amount  of  structural  detail,  the  larger  the 
model  the  better.  However,  large  models  are  expensive  and 
require  very  large  loadings  in  order  to  produce  significant 
stress  levels.  A study  was  conducted  to  consider  all  of 
these  factors  and  a model  scale  of  1:50  was  decided  upon. 
This  corresponds  to  a model  length  of  18'-10"  (overall). 

In  order  to  construct  a scale  model  so  that  it  will 
have  exactly  the  same  structural  response  as  the  full  scale 
ship,  it  is  necessary  to: 

a.  construct  the  model  from  the  same  material  as  the 
ship,  using  the  exact  ship  geometry. 

b.  scale  the  thickness  of  the  material  by  the  scale 
ratio.  For  instance,  this  would  mean  that  the 
model  plating  thickness  would  be  one-fiftieth  of 
the  prototype  plating  thickness. 

c.  include  all  of  the  structural  components  (including 
all  brackets,  plates,  rolled  section,  etc.) 

d.  duplicate  in  scale  all  of  the  welds. 

Clearly  it  is  not  feasible  to  achieve  this  perfect 
scaling.  Constructing  the  model  from  the  same  material 
is  feasible;  reducing  the  plating  thickness  by  a ratio  as 
small  as  1:50  is  also  feasible,  but  it  is  not  feasible  to 
scale  the  welding.  Further,  plating  cannot  be  obtained 
commercially  to  an  accuracy  better  than  +_0.001".  Consider- 
ing that  there  are  literally  thousands  of  pieces  in  the 
structure  of  this  ship,  it  is  also  clearly  impossible  to 
construct  a model  including  all  of  these  pieces  except  at 
an  extraordinary  expense.  Further,  since  many  of  the 
smaller  pieces  are  only  a few  inches  in  full  size,  they 
would  have  to  be  tiny  indeed  in  the  model  scale. 


As  a result  of  these  practical  considerations,  one 
is  forced  to  retreat  from  the  concept  of  perfect  model- 
ling. This  retreat  must  also  be  made  along  several 
fronts.  First  it  is  necessary  to  increase  the  thickness 
of  the  structural  components  to  reasonable  commercial 
sizes;  second,  to  greatly  reduce  the  number  of  parts; 
and  third,  to  simplify  the  complicated  three-dimensional 
form  of  the  ship  hull.  The  following  sections  detail 
the  rational  steps  used  to  perform  these  simplifications. 

Scaling  Laws 

An  examination  of  available  steel  plates  and 
feasible  welding  techniques  led  to  the  selection  of  a 
plating  thickness  three  times  that  required  by  exact 
scaling.  Thus  if 

n = length  of  the  model  = Lm  , 

length  of  the  prototype  Lp 

and 

n = thickness  of  plate  in  the  model  = tm 
thickness  of  plate  in  the  ship  tp 

the  values  of  n = ^ and  n = £ were  selected. 

L 50  t 50 


In  order  for  the  shape  of  deformation  of  the  model 
to  be  the  same  as  that  of  the  prototype  under  loading,  i.e., 
true  scale  displacements,  the  loads  had  to  be  scaled  such 
that  the  strains  in  the  model  equaled  those  in  the  prototype. 

n£  = strain  in  the  model  = 1 

strain  in  the  prototype 

The  strains  of  the  model  Cor  prototype)  can  arise  from 
several  different  loading  situations.  These  are  discussed 
below. 
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a.  Axial  load.  The  strain  arising  from  a given 

axial  force  F acting  on  an  area  A is  given  by 


e = 


F_ 

EA 


Consequently , 


where 


- ( e ) model 

(tT~)  prototype 


n„  = Ejn 

b Fp 


= Ejn 
E Ep 


= n. 


nEnA 


n . = Am 
Ap 

In  order  for  ne  to  be  unity,  the  force  must  be  scaled  by 
the  factor 


nF  = nEnA 


For  a distorted  scale  model  discussed  above  n =n,n. 

A L t 


and  finally 

nF  = nEnLnt 

b.  Bending.  The  bending  strain  is  related  to  the  applied 
moment  M by  using  elementary  beam  theory. 

e = Mr 
El 

where  r is  the  distance  from  the  neutral  axis 
I is  the  section  moment  of  inertia 


V 


Consequently 


where 


ne  = nMnr 
nEnI 


In  order  for  n£  to  be  unity,  the  moment  must  be  scaled  by 
the  factor 

nEnI 


For  the  distorted  scale  model  nj  S n^  nt  and  nr  = HL 

The  approximation  requires  that  the  ship  have  thin  plating 
with  respect  to  overall  dimensions  such  as  beam  or  depth, 
a situation  certainly  met  here.  Thus 

nM  = nEnLnt 

c.  Shear.  The  shear  strain  is  related  to  the  local  value 
of  shear,  Q,  by  (elementary  beam  theory). 


1 Qm( e ) 
y ' Gt  • I 


where 


m(s)  = / ztds  the  moment  of  the  section  about  the  neutral 
axis  from  a point  of  zero  shear  stress  up  to  the  point  on 
the  section  periphery  at  s . G is  the  shear  modulus. 


Thus 


nQnm 

ntnGnI 


For  the  strains  to  be  the  same,  n = 1.  For3the  distorted 
scale  model  nm  = n2  n and,  as  before  nT  ="  n.  n and  thus 


n+nrnT 

— = nGnLnt 

m 


d.  Torsion.  For  similarity  of  deflected  shape,  the 
total  angle  of  twist,  > must  be  the  same  at  corresponding 
points  for  model  and  prototype.  Thus,  if  1^  is  a distance 
to  a particular  section  (say,  aft  of  the  bow)  on  the 
model  and  Lpis  the  distance  for  the  corresponding  section 
for  the  prototype,  then 


Hn'v  = yv 


Consider  the  total  twist  angle  at  an  adjacent  section 
located  at  Lm  + ALm  in  the  model  and  the  corresponding 
adjacent  section  on  the  prototype  L + AL  . Then  if  the 
angles  of  these  sections  are  also  equal,  P 


~ • AL 


If  ALm+0,  and  since  we  are  dealing  with  corresponding 
sections  ALp+O  also,  then  0m  = 0p  -/dLpN 

d^m 

where 

d <p 

9 = cTl  , the  angle  of  twist  per  unit  length  and 
finally,  for  the  distorted  scale  model 

n = = 1_ 

° 6P  nL 

Torsional  deflections  arise  from  both  free  torsion 
and  from  warping  effects.  These  will  be  considered 
separately. 


1.  Free  Torsion 

Almost  all  of  the  free  torsional  rigidity  arises  from 
the  tube-like  parts  of  the  ship's  section  since  the 
contribution  from  the  single  walled  regions  (St.  Venant 
torsion)  is  negligible.  The  relation  between  9 and  torque, 
TF.can  be  expressed  as 
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TFf  r 

4G  E A . 


where 

t is  the  local  plating  thickness.  $ means  that  a 
line  integral  is  to  be  performed  about  all  tubes, 
presumed  in  this  case  to  be  separate  cells.  The  analysis 
of  adjacent  cells  is  more  complicated,  but  since  the 
result  is  the  same,  the  analysis  is  not  presented  here. 

is  the  enclosed  area  of  each  of  the  separate  cells. 


Whence  nTF  = 

FP 


nQ  nG  nA2 

n . 
v 


, 0m 

where  nQ  = ^ 


Gm 

Gp 


o (ZA.) 

n/  = 

(ZA  Jp 

"V 


(4ds/t)m 

t (fds/t)p  4 

For  the  distorted  scale  model  n^  2 = and  n^  = n^/n^.. 

Using  these  results  and  the  previous  result  n0  = l/nL,  then 
nTF  = nG  ’nLnt 


2.  Warping  Torsion 

The  relation  between  0 and  the  torqu  . TW,  carried  by 
a structure  due  to  restraint  against  warping  can  be  written 
as 


Ci  die 

dx 2 


T W 
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where  C-l  is  called  the  warping  rigidity  and  is  defined  as 


C-,  = E f (/  rds)2tds. 


where  r is  the  distance  from  the  neutral  axis,  as  before. 
It  follows  from  the  previous  argument  that  for  equal 
total  angles  of  twist 


= rc,2c.  = 1/n  I 


(—) 

\dx2/ i 


_ (Ci  Jm  _ n 

— s _ < — n • 


"C,  = =nE  - n« 


( fm ( fS  rds )2 td8 ) m 
o o 

(fm(f8rds)2tde)p 
o o 


For  the  distorted  scale  model,  n^  - n^n.^  and,  thus. 


nTu  = 73; tip  = nc  nd2e  = nE  VnL 


e.  Buckling.  The  compressive,  in-plane  force  at  which 
buckling  occurs  in  a flat  plate  buckling  is  given  by: 

n _ -it 2DK 


where 

b is  the  plate  width 

K is  a constant  depending  on  the  plate  aspect  ratio 
and  edge  boundary  conditions.  (the  same  for  model  and 
prototype) 


D = — , the  flexural  rigidity, 

12(l-n2) 
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thus 


(Fa)  m 
a (Fa)  p 


nEnt 


where 


(E/(l-u2)) m 
(E/(1-V2))p 


For  a scale  model  nK  = n.  and  thus 

b L 


Summary  of  Scaling 

In  summary,  for  the  distorted  scale  model, 


Forces 


nF  = 

nEnLnt 

nn  = 

n„nY  n 

Q 

G L t 

n = 

nlni/n. 

c 

E t L 

Moments 

i 

nM  = 

n n n 

E L t 

n„„ 

= n n1  n 

TF 

G L t 

nTW 

= n n /nT 

E t L 

If  the  model  is  loaded  with 

(nEnLnt) 

times  those  forces 

(criterion ) 

(axial  strain) 

(shear  strain) 

(critical  buckling  force) 

(bending  strain) 

(free  torsion  strain) 
(warping  strain) 

forces  which 
which  act  on 


are  equal  to 
the  prototype 
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then  the2model  moments  which  arise  from  these  forces 
are  (nEnLnt^  times  those  acting  on  the  prototype. 

The  above  summary  shows  that  if  nE  = n^  then  the  model 
will  develop  the  same  strains  from  these  primary  loadings 
as  would  exist  on  the  prototype.  For  simple  elastic 
materials 


G ~ 2(l  + \i) 


where  y is  Poisson's  ratio.  Therefore  nE  = ng  as  long  as 
y is  the  same  for  both  model  and  prototype.  Poisson's 
ratio  for  most  structural  materials  (steel,  aluminum,  etc.) 
is  little  different  from  0.3.  Some  plastics  have  different 
Poisson's  ratios. 

When  the  critical  buckling  force  criterion  is 
examined,  the  loadings  which  yield  the  same  strains  for 
both  prototype  and  model  do  not  yield  the  same  scaled 
buckling  force  unless  n^=n  . In  other  words,  only  for  an 
undistorted  scale  model  wirl  the  buckling  be  properly 
modeled.  In  particular,  if  nt>n.  then  the  scaled  force  for 
buckling  on  the  model  will  be  relatively  larger  than  for 
the  prototype.  Therefore  if  a loading  exists  for  which  the 
prototype  exhibits  buckling  effects,  the  corresponding 
buckling  may  not  occur  in  the  distorted  scale  model.  Care 
must  be  taken,  therefore,  to  limit  the  loadings  of  a dis- 
torted model  to  those  which  would  not  lead  to  buckling  in 
the  prototype. 


Selection  of  Material 


A wide  range  of  materials  was  available  for  use  in 
the  structural  model.  Foremost  amongst  these  were  steel, 
aluminum,  plexiglass,  brass,  PVC  (polyvinyl  chloride). 

All  of  these  materials  were  given  careful  consideration 
for  the  SL-7  model. 

In  addition  various  castable  plastics  of  the  resin 
and  epoxy  types  were  also  investigated.  The  final  selection 
of  a material  depended  on  many  factors,  as  discussed  below. 


Plastic  Materials:  All  of  the  plastic  materials  considered 
had  one  very  attractive  property,  that  of  a very  low 
modulus  of  elasticity.  Typically  the  plastic  materials 
hadavalue  of  E»5xl05  which  is  1/60  that  of  steel.  This 
implies  that  the  model  loadings  required  to  obtain  compar- 
able strains  in  model  and  prototype  can  be  quite  moderate. 
Unfortunately,  all  of  the  plastics  considered  exhibited 
qualities  which  were  undesirable.  These  were  creep  (non- 
elastic stretching  under  load),  extreme  sensitivity  to 
environment  (temperature  and  humidity)  and  questionable 
joining  techniques.  For  these  reasons,  all  of  the  plastics 
were  not  considered  further. 

Metals:  The  selection  from  amongst  the  various  metals 

available  was  made  primarily  on  two  bases:  fabrication  and 
commercially  available  thicknesses.  Brass  was  considered 
briefly  but  was  considered  too  expensive.  Also,  brass  can 
best  be  joined  by  brazing.  The  problem  of  brazing  a model 
with  over  500  pieces  seened  insurmountable.  Aluminum  appeared 
to  be  a prime  candidate  since  it  was  readily  available. 
Further,  aluminum  has  a modulus  of  elasticity  one-third  that 
of  steel,  an  advantage  in  the  loading  of  the  model.  In  order 
to  uncover  any  problem  areas,  a 1:50  scale  midship  section 
(between  adjacent  bulkheads)  was  constructed.  Unfortunately, 
this  model  showed  large  welding-induced  distortion  of  the 
plates  (that  is,  large  relative  to  the  plate  thickness). 
Further,  exploration  of  this  welding  problem  indicated  that 
it  was  virtually  impossible  to  avoid  this  distortion  when 
thin  plating  is  used.  It  was  also  determined  that  the 
non-linear  stress-strain  characteristics  of  aluminum  could 
lead  to  difficulties  in  interpreting  the  data.  In  conclu- 
sion, steel  was  selected  since  it  was  easily  welded,  and 
supplied  in  a large  variety  of  gages.  Hot-rolled  steel  was 
chosen  since  cold-rolled  steel  is  not  as  isotropic  and  also 
not  available  in  as  wide  a selection  of  gauges.  The  dis- 
advantage of  steel  is  that  its  modulus  of  elasticity  is 
high  and  the  resulting  loads  required  became  quite  large. 

After  some  experimentation  with  shipyard  welding  techniques, 
it  was  determined  that  it  was  possible  to  join  plates 
thicker  than  16  gage  (0.0598"). 


Scantlings  The  model  was  designed  with  a geometric  scale 
ratio  of  1 : 50 . The  plate  thicknesses  were  increased  most 
in  the  scale  ratio  of  3:1.  The  tables  below  give  the 
distortions  of  the  major  components. 


Bottom  plating:  Model:  .0598"(1.519  mm)  Ship:  35  mm 

„ . . .0598-25.4  1 

Ratlo:  = — 

Distorted  scale:  s ^ 

23  1 1 

Inner  bottom  plating:  Model:  .0598"(1.519  mm)  Ship:  32  mm 

„ . . .0598-25.4  1 

Ratlo:  = _ 


Distorted  scale: 

23 


Ratio : 


Distorted  scale:  50  _ 2 . 37 

21.1  ~ “I — 

Side  plating:  Model:  .0598"(1.519  mm)  Ship:  20.5  mm 


Ratio : 


.0598-25.4 


Distorted  scale:  50 

137? 

Torsion  box  between  decks: 


1 

1375 

3.7 


Main  deck:  Model:  .120"(3.05  mm)  Ship:  50  mm 

Ratio:  .120*25.4  m I ... 

50  16.4 

Distorted  scale: 

16.4  1 . 

Second  deck  S sides:  Model:  .120"(3.05  mm)  Ship:  42  mm 
Ratio:  1-20-25M  = __I_ 

Distorted  scale:  ■ ^ 

13.0  A 

Transverse  torsion  box  between  decks; 


Distorted  scale: 


Main  deck:  Model:  .0598"(1.519  mm)  Ship:  15  mm 


Ratio : 


.0598-25.4 

13 


Distorted  scale:  50 

9.68 


1 

9JBff 

5.06 


I 
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Second  deck,  bulkheads:  Model:  .0598"(1.519  mm)  Ship:  12.5mm 


.0598-25.4  = „1_ 

Ratl°-  1775  8.23 

Distorted  scale:  _ ^ *■?— 


The  following  conclusions  were  made  when  looking  at  the 
scale  distortions  of  the  plate  thicknesses. 

1.  The  torsional  stiffness  of  the  torsion  box  between  decks 
was  relatively  stiffer  on  the  model  than  on  the  ship. 

2.  The  torsional  stiffness  at  the  transverse  torsion  box 
was  relatively  stiffer  on  the  model  than  on  the  ship. 

3.  The  torsional  stiffness  of  the  double  bottom  was 
relatively  stiffer  on  the  ship  than  on  the  model. 

4.  Since  the  distortion  was  not  constant  over  the  cross 
section,  the  ship  and  the  model  did  not  necessarily  have 
the  same  relative  position  of  the  center  of  shear. 


~ . • ^ 


* 
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Structural  Details  of  the  Model 

It  was  of  course  impossible  to  include  all  of  the 
structural  details  of  the  ship  in  a 1:50  scale  model.  In 
fact  the  number  of  component  pieces  was  reduced  by  several 
orders  of  magnitude.  This  meant  that  all  of  the  brackets 
and  small  details,  and  many  of  the  stiffeners,  longitudinals, 
etc.  were  eliminated.  Since  these  latter  elements  were 
part  of  the  primary  structure  of  the  model  and  as  such  could 
not  be  eliminated  altogether,  they  were  lumped  together  in 
some  reasonable  fashion. 

Another  important  consideration  in  building  the  small- 
scale  model  was  the  shape  of  the  hull  itself.  Ship  hulls 
are  of  a complex  shape  with  a wealth  of  double-curved  plates . 
On  the  model  scale  these  shapes  are  particulary  difficult 
to  reproduce,  since  it  was  not  possible  to  break  the  hull 
surface  into  as  many  pieces  as  used  in  the  full-scale  ship. 
Thus  a simplification  of  the  hull  form  was  also  required 
for  the  model. 

Reduced  scale  drawings  of  the  ship  model  are  shown  in 
Figures  1 through  11.  The  simplification  of  both  the  hull 
form  and  the  number  of  pieces  were  made  in  accord  with  the 
type  of  measurements  that  were  to  be  made.  Where  the 
response  of  a localized  section  of  the  ship  was  required, 

that  portion  was  modeled  in  great  detail.  The  simpli- 
fications appropriate  for  investigation  of  buckling  character- 
istics would  be  different  from  those  used  for  primary  bending 
response.  For  these  particular  model  tests,  the  point  of 
view  was  adopted  that  primary  torsional  responses  was  of 
the  major  interest.  Late  in  the  development  of  the  model, 
a desire  was  expressed  for  modelling  transverse  and  vertical 
primary  bending  responses,  insofar  as  they  would  not  affect 
the  torsional  response  of  the  model. 

The  torsional  response  of  a ship  or  model  is  a very 
complicated  process  involving  several  phenomena.  These 
include:  free  torsion  of  the  individual  elements  (such  as 

the  twisting  of  longitudinal  stiffeners);  torsion  of  closed, 
tube-like  elements;  and  the  effects  of  warping  restraint 
offered  by  the  shell  of  the  hull  and  deep  transverse  bulk- 
heads. Current  analytical  techniques  were  not  sufficiently 


I 
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well  developed  to  determine  the  combined  effect  of  these 
responses,  and  thus  the  finite-element  method  (FEM) 
was  used.  Finite  element  calculations  described  in 
Appendix  A were  performed  on  various  critical  subsections 
of  the  hull  to  determine  the  proper  lumping  of  parameters. 

It  was  also  decided  to  omit  the  raised  forecastle 
deck,  since  the  closed  forward  section  of  the  ship  already 
provided  nearly  perfect  warping  restraint. 

a.  Midship  Section 

Figure  12  shows  the  midship  section  of  the  SL-7.  The 
inner  bottom  has  a center  vertical  keel,  several  side  girders 
and  a multitude  of  longitudinals.  The  sides  of  the  ship 
are  transversely  framed  with  a series  of  heavy  longitudinal 
girders  and  deep  web  frames.  Just  below  the  deck,  at  the 
sides  there  is  a heavy  tube-like  structure  (presumably  to 
enhance  the  torsional  rigidity).  This  tube  contains  many 
closely  spaced  longitudinal  deep  girders.  The  purpose  of 
these  members  appears  to  be  for  providing  sufficient  section 
modulus  for  vertical  bending. 

Reduction  of  the  elements  used  included  consideration  of  the 
following : 

1.  Innerbottom  structure.  Clearly,  on  the  1:50  model 
it  would  be  impossible  to  duplicate  the  myriad  of  small 
longitudinal  stiffeners.  These  stiffeners  are  primarily 
for  local  strength  of  the  inner  bottom  and  have  a very  small 
contribution  to  the  torsional  stiffness  of  the  ship.  A 
calculation  of  the  total  area  of  the  longitudinals  available 
for  axial  stresses  compared  to  that  of  the  inner  bottom  or 
bottom  shell  was  only  about  7-8%.  Another  consideration 
is  that  of  the  floors.  For  the  most  part  floors  provide 
local  strength  to  the  bottom  plating  and  interact  very  little 
with  the  overall  structural  response  of  the  ship.  As  a 
result  these  stiffeners  were  neglected.  A more  difficult 
consideration  is  that  of  the  longitudinal  side  girders. 

These  girders  break  up  the  inner  bottom  into  a number  of 
joined  torque  tubes.  However,  practical  considerations 
of  model  construction  obviated  the  possibility  of  including 
all  of  these  girders.  It  was  felt  that  a lumping  of  the 
side  girders  into  one  girder,  port  and  starboard,  and  the 
retention  of  the  center  vertical  keel  represented  the 
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maximum  acceptable  complexity  for  construction.  In  order 
to  test  the  effect  of  this  lumping,  two  different  models 
were  tested  in  torsion  using  FEM:  one  model  with  all  side 
girders,  and  one  with  only  2 side  girders.  Sketches  of  the 
structure  are  shown  below. 
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Figures  13  and  14  show  the  mesh,  the  boundary  conditions 
and  the  applied  loads.  The  same  loading  and  the  same 
boundary  conditions  were  applied  on  both  structures, 
yielding  the  following  deflections  along  the  free  end, 
Figure  15. 


Figure  15.  Response  Of  Bottom  Structure 


It  is  interesting  to  note  that  the  numerical  difference  in 
the  resu1ts  are  very  small.  The  two  points  outside  the 
straight  ine  of  nodal  points  25  and  85  seemed  to  be  caused 
by  the  use  of  spar-elements  because  no  forces  in  the  vertical 
direction  can  be  transmitted  between  elements  at  this  point. 
However,  the  shear  flow  due  to  torsion  of  the  structure  is 
transmitted  as  it  should  be,  and  no  noticeable  error  will 
occur  if  this  disturbance  is  neglected. 

Both  structures  were  not  restrained  from  warping. 

However,  the  importance  of  warping  is  relatively 
small  because  the  section  is  a closed  tube. 
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From  these  calculations  it  can  be  concluded  that  the  effect 
of  lumping  side  girders  together  is  very  little.  There- 
fore it  is  justified  to  make  these  simplifications  on  the 
model . 

2.  Side  Structure.  The  side  structure  consists  of  the 
hull  side  stiffened  by  a grid  of  frames  (regular  and  deep 
web)  in  the  vertical  direction  and  a set  of  three  horizontal 
flats.  These  flats  are,  in  fact,  deep  longitudinal  stringers. 
As  far  as  both  kinds  of  frames  are  concerned  their  major 
function  is  to  provide  local  stiffness  of  the  shell  plating. 
They  are  not  important  as  far  as  the  primary  structural 
response  of  the  hull  is  concerned  and  were  therefore  not 
included  in  the  model.  The  situation  with  the  longitudinal 
stringers  is  different.  They  are  primary  structural  elements 
and  must  be  accounted  for.  These  stringers  were  too  closely 
spaced  for  ease  in  model  construction  and  it  was  decided 
to  replace  them  with  only  one  stringer.  One  of  these 
stringers  is  continuous  with  a deck  within  the  machinery 
box  and  it  was  felt  that  it  was  important  to  preserve  this 
continuity.  Straps  were  placed  on  four  sides  of  the  long- 
itudinal box  beams.  Their  purpose  was  to  reflect  the  deep 
stringers  inside  of  the  box,  so  that  the  section  modulus  of 
the  ship  for  both  vertical  and  horizontal  bending  is  correct 
to  the  same  scale  as  torsion.  As  a prefabricated  tube  of 
rectangular  cross-section  was  used  to  model  the  longitudinal 
torsion  boxes,  it  was  not  possible  to  fit  them  with  interior 
stiffening.  The  stringers  do,  of  course,  carry  warping 
stresses  in  torsion  too. 

The  finite  element  calculations  of  a midship  section  described 
in  Appendix  A indicate  that  the  structural  responses  of  the 
ship  and  model  are  almost  identical. 

b.  Bulkhead  Structure. 

In  addition  to  the  midship  section  studies,  a separate 
FEM  study  of  a typical  transverse  bulkhead  was  made,  since 
it  was  impossible  to  model  the  myriad  of  stiffeners  which 
exist  in  the  real  bulkhead.  A crucial  comparison  appeared 
to  be  the  warping  restraint  offered  by  a modified  bulkhead 
model.  The  computations  are  described  in  Appendix  A,  p. 

A-31 . 

Deflection  and  Shear  stress  distribution  results  show  that 
it  is  justified  to  assume  lumping  the  stiffeners  on  the 
bulkhead  together,  and  that  that  assumption  will  not  change 
the  response  significantly. 
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Construction  of  the  Model 


The  model  was  constructed  from  hot-rolled  steel  plates 
of  the  dimensions  given  in  a previous  section.  Although 
cold-rolled  steel  would  have  been  preferable,  particularly 
with  regard  to  the  surface  finishCthus  easing  the  applic- 
ation of  the  strain  gages)  it  was  not  possible  to  obtain 
this  steel  in  the  range  of  sizes  required.  Even  though 
the  model  was  designed  to  have  a plate  thickness  three 
times  that  required  for  absolute  structural  scaling,  the 
plates  were  rather  thin  and  required  special  care  in 
construction.  Of  particular  importance  was  the  weld  metal 
deposited.  With  one  exception,  all  longitudinal  welds  were 
made  intermittent  so  that  the  effect  of  this  weld  metal 
is  minimized,  particularly  with  regard  to  primary  bending 
stresses.  The  exception  is  the  longitudinal  welds  joining 
the  hull  plating  which  were  made  continuous,  since  it  was 
felt  that  it  would  be  difficult  to  get  satisfactory 
intermittent  butt  welds  and  that  these  curved  plates 
might  tend  to  separate  under  loading.  Special  care  was 
taken  to  minimize  the  added  weld  metal  along  these  seams. 

Figures  16  through  22  show  the  model  in  various 
stages  of  the  construction. 

The  Test  Frame  A test  frame  which  straddles  the  model  and 
provides  the  loading  to  the  model  was  designed  and 
constructed  . The  frame  was  constructed  out  of  heavy  H-beam 
sections  and  welded  together.  A reduced  scale  drawing  of 
it  is  shown  in  Figure  23.  Mounted  on  this  frame  were  a 
series  of  "Unistrut"  channel  sections  which  were  used  to 
attach  the  pulleys  for  the  loading  system  and  anchors  for 
the  ends  of  the  ropes  used  in  loading. 

The  test  frame  rested  firmly  on  the  concrete  floor  of 
the  test  facility  and  was  carefully  leveled. 

The  Deflection  Reference  It  was  desired  to  measure  the 
deflections  of  the  model  as  well  as  the  strains  at  various 
locations  on  the  ship.  This  requirement  led  to  special 
problems  since  the  technique  of  loading  (described  in  a 
subsequent  section)  would  not  necessarily  lead  to  the  same 
vertical  or  horizontal  position  of  the  model  before  and 
after  loading.  It  was  decided  therefore  to  mount  the 
measuring  reference  to  the  ship  itself.  A very  stiff 
rectangular  aluminum  torque  tube  was  designed  and  constructed 
which  was  supported  at  the  bow  and  stern  of  the  model . 

The  support  at  the  bow  was  a single  ball  joint  mounted  at  the 
ship's  centerline  (see  Figure  24).  The  vertical  support  at 
the  stern  was  provided  by  two  casters  riding  on  flat 
horizontal  plates  mounted  on  the  model.  The  transverse 
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support  was  provided  by  an  automotive-type  Hotchkiss  link 
arm,  provided  with  two  ball  joints.  One  end  of  this  long 
link  was  mounted  to  the  model,  the  other  to  the  torque 
tube  (see  Figure  25). 

As  a result,  the  references  for  the  displacement 
measurement  were  the  transverse  line  connecting  the  two 
flat  plates  at  the  stern  (that  is,  the  deck  at  the  stern) 
and  a straight  line  connecting  the  ship  centerline  at  the 
deck  at  the  stern  and  that  at  the  deck  at  the  bow.  A series 
of  displacement  gages  were  placed  at  the  deck  edge  at 
several  longitudinal  locations  along  the  model  and  attached 
to  the  torque  tube.  These  gages  measured  the  horizontal 
and  vertical  displacements  of  the  deck  edges. 


Fig.  19  - Forward  Bulkheads 
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Section  III:  TEST  SETUP  AND  PROCEDURES 


Introduction 


In  order  to  subject  the  structural  model  to  a reason- 
able set  of  loads  and  accurately  determine  its  response, 
it  was  necessary  to  control  all  aspects  of  this  process 
extremely  carefully  if  meaningful  results  were  to  be  obtained 
at  all.  The  following  sections  describe  in  detail  the 
measurement  techniques  and  the  loading  procedure,  including 
the  precautions  which  were  taken  to  eliminate  extraneous 
loads  and  strain  signals. 

Strain  Gages 

A series  of  strain  gages  were  placed  on  various  sections 
of  the  ship  so  that  several  different  types  of  responses 
could  be  measured  and  categorized.  Figure  27  shows  a 
profile  of  the  ship  and  the  locations  of  the  gages.  These 
locations  were: 

a.  Frame  10.  A series  of  strain  gages  were  applied 
on  the  port  side  of  the  ship  just  forward  of  the  aft-most 
hatch  opening,  and  two  additional  gages  were  applied  on  the 
deck  just  aft  of  the  hatch  opening.  The  gages  forward  of 
the  hatch  were  located  so  that  the  effect  of  the  warping 
restraint  of  the  stern  could  be  measured.  Four  gages  were 
applied  to  the  torsion  box  at  the  main  deck  and  additional 
gages  were  placed  on  the  side  shell  and  near  the  keel.  One 
of  the  gages  on  the  torsion  box  and  two  on  the  side  shell 
were  rosettes.  The  gages  on  the  deck  aft  of  the  hatch 
opening  were  placed  so  that  the  gross  effects  of  any  stress 
concentration  due  to  the  hatch  could  be  determined. 

b.  Hatch  corner  at  Frame  62.  In  this  location  the 
hatch  size  changes  (smaller  width  aft  than  forward).  The 
corner  of  the  hatch  was  instrumented  to  determine  the  effects 
of  stress  concentration  and  also  the  warping  stresses 
developed  in  the  transverse  box-longitudinal  box  inter- 
section . 
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c.  Section  Between  frames  78  and  96  (5.4"  fwd . of 
frame  78  on  the  model).  This  section  is  at  the  center  of 
the  three  full  width  hatches  aft  of  the  machinery  box  and 
was  chosen  because  it  is  a typical  aft  section.  A series 
of  gages  were  placed  around  the  main  deck  torsion  box,  as 
well  as  on  the  side  shell,  near  the  bilge,  and  near  the 
keel.  The  gages  were  placed  only  on  the  port  side. 

Rosettes  were  used  for  most  of  the  gages. 

d.  Frame  142.  The  section  just  forward  of  frame  142 
(2"  forward  on  the  model)  was  completely  gaged,  port  and 
starboard.  The  major  purpose  of  this  instrumentation  was 
to  determine  the  effects  of  the  warping  restraint  offered 
by  the  machinery  box  on  the  open  sections  forward  of  the 
box  and  to  determine  any  gross  stress  concentrations  due  to 
the  dramatic  change  in  geometry  at  this  location.  Both 
port  and  starboard  sides  were  fully  instrumented  with 
several  of  the  gages  being  rosettes. 

e.  Hatch  corner  at  Frame  178.  This  hatch  corner  is 
typical  of  the  forward  hatches  and  was  instrumented  primarily 
to  determine  the  stress  distributions  at  the  intersection 

of  the  longitudinal  and  transverse  boxes.  Of  fundamental 
interest  was  the  warping  restraint  offered  by  the  transverse 
box . 

f.  Section  Between  frame  178  and  194.  This  section 
is  almost  exactly  amid  ships  and  was,  by  far,  the  most 
instrumented  section  of  the  ship.  Strain  gages  were  placed 
port  and  starboard,  internally  and  externally.  Many  of 
these  gages  were  rosettes  so  that  the  complete  state  of 
strain  could  be  determined.  Gages  were  placed  around  the 
torsion  boxes  and  in  the  inner  bottom  in  order  to  determine 
the  free  torsion  response  of  these  closed  tubes . 

g.  Hatch  corner  at  Frame  226.  At  this  section  the 
hatch  size  changes  and  the  corner  was  instrumented  in  the 
same  way  as  the  hatch  at  frame  62  (see  b.  above.) 

h.  Frame  290.  This  section  was  instrumented  to  deter- 
mine the  warping  restraint  of  the  bow  section  in  a fashion 
similar  to  the  section  at  frame  10  (see  a.  above). 
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27.  STRAIN  GAGE  ARRANGEMENT  FOR  SL-7  STRUCTURAL  MODEL 
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The  strain  gages  used  in  these  experiments  were  of 
the  foil  type  (Micro-Measurements  #250  BG  single  component 
gages,  and  #250  RA  and  #125  RS  rosette  gages).  These 
gages  were  selected  to  have  a coefficient  of  thermal 
expansion  the  same  as  the  steel  plating  used  on  the  model. 

The  gages  were  bonded  to  the  model  using  Eastman  910 
adhesive,  after  the  steel  surface  was  carefully  cleaned 
and  etched.  The  overall  si?e  of  each  of  the  active 
elements  of  the  250  RA  and  250  BG  gages  was  V x V'  and 
that  of  the  125  RA  was  V x 1/8".  This  means  that  the 
larger  gages  covered  an  area  approximately  2'  x 1',  full 
scale,  and  the  smaller  gages  1'  x V , full  scale.  It  is 
clear,  therefore,  that  these  gages  are  too  large  to 
detect  the  fine  scale  variations  in  stress  one  might  be 
likely  to  encounter  around  a stress  concentration. 

Figure  28  shows  a schematic  of  the  electrical  hook-up 
of  each  of  the  strain  gages.  The  gages  were  set  in  a 
bridge  configuration  and  a constant  value  of  6 volts  was 
applied  to  the  bridge.  Measurement  of  the  voltage  across 
the  bridge  is  indicative  of  the  value  of  resistance  (and 
thus  strain)  of  the  gage.  The  three  completing  resistors 
for  the  strain  gage  bridge  were  specially  selected,  precision, 
wire-wound  resistors.  The  resistors  directly  connected  to 
each  of  the  strain  gages  were  chosen  to  have  the  same 
temperature  coefficient  of  resistivity  as  the  strain  gages. 
These  resistors  were  placed  next  to  one  another  in  an  insulated 
box. 


As  a result  of  the  selection  of  strain  gage  type  and 
resistor  characteristics,  the  measurement  system  was 
nominally  temperature  compensated.  However,  temperature 
problems  did  arise  for  a variety  of  reasons.  First,  the 
completing  resistors  for  the  strain  gages  (see  Figure  28) 
were  located  in  junction  boxes  below  the  model.  In  other 
words  at  a different  physical  location  than  the  strain  gage 
on  the  model.  Whenever  significant  temperature  variations 
occurred  in  the  room  in  which  the  model  was  kept,  it  was 
reasonable  to  assume  that  the  gages  and  completing  resistors 
were  also  at  a different  temperature.  Thus,  in  this 
situation  false  strain  readings  can  occur. 

A second  and  equally  important  result  of  temperature 
variations  within  the  room  is  the  development  of  thermal 
stresses  in  the  whole  ship  structure  itself.  The  matching 
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of  the  gage  and  the  steel  coefficients  of  linear  expansion 
only  assures  that  no  false  strains  will  be  read  if  the 
whole  model  undergoes  a change  in  temperature.  However, 
thermal  gradients  along  the  model  will,  in  general,  lead 
to  significant  internal  thermal  stresses  (and  therefore 
strains).  This  pattern  will  be  superimposed  on  the  strain 
pattern  induced  by  the  loads.  There  is  no  known  way  of 
sorting  out  the  resulting  strain  readings  short  of  measuring 
the  actual  gradients  on  the  model  and  computing  the  thermal 
strains  resulting.  This  process  would  indeed  be  as  com- 
plicated as  computing  the  structural  response  of  the  model 
and  would,  in  fact,  obviate  the  need  for  a model  in  the 
first  place. 

Two  details  of  the  model  arrangement  made  these  two 
uncompensated  thermal  effects  of  paramount  importance. 

The  model  itself  was  placed  in  a room  which  was  not  uniformly 
heated.  This  was  the  result  of  the  geometry  of  the  room 
and  the  placement  of  the  forced  hot-air  heaters.  Of  equal 
importance  was  that  owing  to  the  model's  being  constructed 
of  rather  heavy  gage  steel,  feasible  loadings  of  the  model 
resulted  in  very  small  strains.  During  a typical  test  the 
maximum  strains  observed  were  in  the  order  of  100  micro- 
strain. This  is  an  order  of  magnitude  below  the  value  one 
might  like  to  achieve  during  structural  model  tests. 
Temperature  induced  errors  of  the  order  of  10  to  20  micro- 
strain were  unacceptable  in  these  tests,  whereas  they  would 
have  been  entirely  acceptable  for  more  normal  structural 
model  tests. 

After  several  attempts  were  made  to  alleviate  this 
serious  problem  of  measurement  accuracy,  only  one  solution 
seemed  forthcoming.  This  solution  was  to  test  only  on 
cloudy  or  foggy  days  which  were  warm  enough  so  that  little, 
if  any,  heat  was  required  in  the  building.  On  these  days, 
the  air  temperature  varied  by  only  a few  degrees  during  the 
day  and  no  significant  radiate  heat  loading  of  the  model 
existed.  The  latter  condition  was  a problem  on  cloudless 
days,  since  the  southwest  wall  of  the  steel  building  in 
which  the  model  was  housed  could  get  quite  warm  in  the 
afternoon  sun.  Waiting  for  "good"  days  to  test  caused  a 
very  significant  delay  in  the  test  schedule. 


Measurement  Instruments 


The  voltage  supplied  to  the  strain  gage  bridge  was 
typically  6V  D.C.  Higher  voltages  were  attempted  (in 
order  to  improve  the  size  of  the  bridge  unbalance)  but 
had  to  be  discarded  since  they  led  to  problems  of  heat- 
ing of  the  gages.  The  voltage  was  supplied  by  a very 
heavily  stabilized  laboratory  power  supply.  This  supply 
was  zener  diode  controlled  and  produced  an  output  which 
varied  less  than  1 millivolt  throughout  any  experiment 
(an  error  of  less  than  0.02%).  The  leads  from  the  center 
of  each  gage-completing  resistor  pair  was  led  to  a Honeywell 
crossbar  scanner.  This  device  permitted  automatic, 
successive  scanning  of  all  of  the  gages.  The  relays  used 
in  the  scanner  had  extremely  low  resistivity,  gold-plating 
contacts.  Throughout  the  experiments  there  was  no  indic- 
ation of  any  difficulty  resulting  from  the  scanner 
operation . 

The  voltage  difference  across  the  center  of  the  bridge 
was  measured  by  a NLS  digital  voltmeter,  capable  of 
resolving  one  microvolt.  In  order  to  obtain  this  accuracy, 
it  was  necessary  to  use  the  built-in  high-frequency  filter 
(with  a one-second  time  constant).  Scanning  therefore  took 
place  at  the  rate  of  about  one  gage  every  6 to  8 seconds. 

The  digital  voltmeter  was  also  attached  to  a teletype  term- 
inal through  a special  serializer.  Thus,  all  of  the 
measurements  were  printed  out  and  punched  out  on  paper 
tape  for  permanent  reference. 

Figure  29  shows  the  instrumentation  in  adding  the 
scanner  (lower  instrument  in  rack),  digital  voltmeter 
(upper  instrument),  serializer  (middle  instrument)  and 
teletype  terminal. 


Data  Reduction 

The  strain  gauge  measurements  were  reduced  by  a 
standard  digital  computer  program  written  explicity  for 
the  purpose  by  the  Civil  Engineering  Department  of  the 
University  of  California.  The  microvolt  readings 
inserted  into  this  program  were  always  obtained  by  sub- 
stracting  the  values  read  for  the  strain  gauges  when  no 
load  was  applied  from  those  read  after  the  load  was  applied. 

The  assumption  involved  here  is  one  of  linearity. 

Before  the  loads  are  applied,  the  model  is  not  in  a state 
of  zero  stress.  Manufacturing  of  the  model  by  welding  (the 
model  was  not  annealed)  certainly  introduced  some  stresses. 
The  support  of  the  model  at  both  ends  leads  to  a bending 
moment  amidships  due  to  the  model's  weight,  and  this 
implies  an  additional  stress  distribution  of  the  model. 

What  is  assumed  is  that  the  changes  in  the  stress  pattern 
due  to  the  loading  is  the  same  as  what  would  occur  if  the 
model  were  originally  at  zero  stress.  For  an  ordinary 
structure  this  is  true,  as  long  as  non-linear  problems 
such  as  buckling  or  large  initial  deformations  did  not  exist. 
The  scaling  of  the  model  (the  plating  thickness  three  times 
the  geometric  scaled  thickness)  all  but  precludes  any  of 
these  non-linear  effects.  However,  the  response  of  the  real 
ship  under  similar  loadings  (scaled  up  to  full  size)  may 
perform  differently,  since  it  is  relatively  more  prone  to 
buckling . 

In  conclusion,  the  assumption  of  linearity  is  probably 
correct  for  the  model,  but  difficulty  may  be  encountered 
in  interpreting  these  results  for  the  full  scale  ship, 
particularly  for  the  very  high  load  cases.  In  any  event, 
the  measured  data  will  demonstrate  that  linearity  is  a 
good  assumption  for  the  model. 


The  Displacement  Measurements 

Measurements  of  both  the  horizontal  and  vertical 
motions  of  the  deck  edge  were  made  by  an  array  of 
precision  dial  gauges  located  at  intervals  along  the 
length  of  the  model.  These  gauges  were  attached  to  the 
aluminum  reference  frame  previously  described.  Since 
this  frame  remained  aligned  between  the  centerline  of  the 
model  at  the  bow  and  at  the  stern  the  gauges  read  the 
deflections  relative  to  this  line. 

The  Loading  Arms  and  Model  Attachments 

It  was  necessary  to  load  the  model  at  a finite  number 
of  locations  rather  than  to  apply  distributed  loads,  as 
would  occur  in  the  real  ship.  As  a result,  it  was  decided 
to  provide  these  loading  locations  at  bulkheads,  since 
this  would  best  provide  for  a good  distribution  of  the  load 
around  the  girth  of  the  model. 

Further,  the  addition  of  brackets  at  the  bulkheads 
would  least  interfere  with  the  structural  response  of  the 
model,  since  the  model  (and  ship)  have  great  transverse 
stiffness  at  these  points  anyway.  The  purpose  of  the 
loading  bars  was  to  introduce  discrete  vertical,  longitudinal, 
and  twisting  loads  into  the  model.  In  order  to  introduce 
a torsional  moment  into  the  model  two  attachment  points  were 
required.  It  was  attempted  to  provide  these  attachments 
as  far  apart  as  possible  so  that  the  local  forces  would 
not  be  excessive. 

The  locations  at  which  the  loading  arms  were  attached 
were : 


Bulkhead 

at 

frame 

30 

(mounted  > 

on 

deck) 

Bulkhead 

at 

frame 

78 

(mounted  i 

on 

bottom) 

Bulkhead 

at 

frame 

112 

(mounted 

on 

bottom) 

Bulkhead 

at 

frame 

160 

(mounted 

on 

bottom) 

Bulkhead 

at 

frame 

210 

(mounted 

on 

bottom ) 

Bulkhead 

at 

frame 

242 

(mounted 

on 

deck ) 

Bulkhead 

at 

frame 

274 

(mounted 

on 

deck ) 

Bulkhead 

at 

frame 

311 

(mounted 

on 

deck ) 
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From  the  configuration  of  the  test  frame  and  from  the 
test  plan,  mounting  the  loading  bars  on  the  ship  bottom 
was  preferable.  This  location  provided  the  opportunity  for 
a 2:1  purchase  in  the  pulley  system  for  both  up  and  down 
forces,  whereas  mounting  on  the  deck  permitted  a 2:1 
purchase  only  for  the  down  forces.  Further,  it  was  desired 
to  load  the  model  in  transverse  bending  as  well  as 
vertical  bending.  In  order  to  avoid  introducing  unwanted 
torsional  moments  in  the  model  due  to  these  transverse 
forces,  it  was  desired  to  provide  all  of  transverse  loads 
in  one  plane,  at  the  baseline  of  the  ship.  Loading  bars 
along  the  bottom  could  then  be  used  for  both  horizontal 
and  vertical  forces.  However,  near  the  bow  and  stern, 
the  bottom  was  so  narrow  that  it  was  not  possible  to 
locate  the  bars  there.  In  these  locations  the  bars  had 
to  be  mounted  on  the  deck.  Also,  at  these  locations, 
additional  brackets  were  welded  to  the  hull  at  the  bottom 
for  supplying  transverse  loads  when  these  were  desired, 
through  the  use  of  additional  loading  structure. 

Great  care  was  taken  to  assure  that  the  distance  between 
the  model  centerline  and  that  of  the  load  attachment  was 
the  same  port  and  starboard.  In  this  way,  when  torsional 
moments  were  applied  to  the  loading  bar  (by  means  of  an 
up  force  on  one  side  of  the  bar  and  an  equal  down  force  on 
the  other  side),  no  net  vertical  forces  were  simultaneously 
introduced  into  the  structure. 

The  bars  themselves  were  manufactured  from  "unistruts", 
commercial  deep  channel  sections.  A detailed  view  of  the 
loading  bars  can  be  seen  in  Figure  30. 

The  attachment  of  the  bars  to  the  model  was  by  means 
of  simple  bolts.  The  holes  in  both  the  loading  bar 
brackets  and  model-mounted  brackets  were  purposely  drilled 
somewhat  oversized  and  the  bolts  were  not  tightened  very 
securely.  This  procedure  assured  that  the  loads  were 
introduced  in  a statically  deterministic  fashion,  with  no 
locked  in  loads. 
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In  the  case  of  the  largest  bending  moments  applied  to 
the  ship,  the  loads  on  the  two  center  loading  bars  were 
so  large  that  an  appreciable  twist  of  these  bars  occurred. 

In  the  special  situation,  a structure  between  these  two 
loading  bars  was  added  which  prevented  their  individual 
twisting.  Since  the  attachments  to  the  model  were  some- 
what loose,  this  intervening  structure  caused  no  re- 
distribution of  the  loads. 

The  Loading  Method 

A series  of  weights  for  loading  of  the  model  were 
manufactured  from  ordinary  hot-rolled  steel.  These  weights 
were  disks  approximately  13  inches  in  diameter  with  a 
slot  cut  in  them  for  the  support.  Disks  of  three  thicknesses 
were  manufactured:  0.25",  0.50",  and  1.00".  These  disks 
were  to  have  the  nominal  weights  of  5,  10,  and  20  pounds, 
respectively.  However,  since  the  disks  were  cut  (using  an 
acetylene  torch)  from  the  raw  steel  plate,  variations  did 
occur.  Each  weight  was  carefully  weighed  to  within  0.01 
lb.  and  the  exact  weight  was  stamped  onto  the  disk  edge. 

In  this  way  a combination  of  disks  could  be  carefully 
selected  to  obtain  any  given  weight.  A total  of  6000 
pounds  of  disks  were  manufactured  and  certified  in  this  way. 

The  loads  were  applied  to  the  model  through  a nylon 
rope  which  ran  over  a series  of  pulleys , some  attached  to 
the  test  frame  itself,  others  to  the  loading  arms.  One 
end  of  the  nylon  rope  was  attached  to  a weight  pan,  in 
which  the  steel  disks  were  stacked.  The  pulley  system  was 
arranged  so  that  no  more  than  a 2:1  mechanical  advantage 
was  achieved.  It  was  feared  that  any  larger  purchase  would 
lead  to  intolerable  friction  losses  within  the  pulley 
system.  All  of  the  pulleys  were  precision  type  with  either 
ball  or  aircraf t-type  needle  bearings.  Figure  30  shows  the 
pulley  arrangement,  weight  pans,  and  loading  bars  near  the 
bow  of  the  model.  The  two  loading  bars  on  the  left  have 
a 1:1  purchase;  that  on  the  right  has  the  loading  bar 
below  the  model  with  a purchase  of  2:1.  A separate  pulley 
arrangement  was  made  for  up  forces  than  for  down  forces  at 
each  loading  arm. 
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For  any  given  loading  the  weights  were  selected  and 
stacked  in  front  of  the  appropriate  pan.  The  loading  of  the 
model  was  performed  as  quickly  and  as  evenly  as  possible 
to  avoid  any  local  overstressing.  That  is,  a few  weights 
were  added  to  each  pan  all  around  the  model  and  this  procedure 
was  continued  until  all  the  loads  were  applied.  As  an 
extra  precaution,  the  model  was  vibrated  to  eliminate  any 
residual  pulley  friction.  Figure  31  shows  the  model  just 
prior  to  a test  with  all  of  the  weights  set  out. 

Model  Support 

When  a ship  floats  in  the  water,  it  is  in  stable 
equilibrium  with  regard  to  vertical  motions.  That  is,  the 
weight  of  the  ship  is  exactly  counterbalanced  by  the 
vertical  hydrostatic  force  distribution,  and  no  external 
forces  are  required  to  maintain  this  position.  It  is 
difficult,  or  even  impossible,  to  duplicate  this  arrange- 
ment in  the  model  scale.  First,  since  the  plating  thick- 
nesses are  not  scaled  in  the  same  proportion  as  the  overall 
dimensions  of  the  ship,  the  ship  is  too  heavy  for  immersion 
into  water.  The  use  of  other  liquids,  such  as  mercury, 
bromine,  etc.  would  be  too  dangerous.  Second,  it  is 
difficult  to  work  with  electronic  equipment  such  as  strain 
gauges  in  any  kind  of  wet  environment. 

It  was  decided,  therefore,  to  simulate  the  model 
floating  without  requiring  support  from  a liquid.  The  model 
was  attached  to  the  test  frame  by  three  load  cells, 
manufactured  in  the  same  way  as  one  manufacturers  a tensile 
test  specimen.  One  of  the  two  stern  cells  can  be  seen 
clearly  in  Figure  25  and  the  bottom  of  the  bow  cell  can  be 
seen  in  Figure  24.  The  applied  loadings  to  the  model 
were  calculated  so  that  they  would  reflect  the  floating 
condition.  That  is,  so  that  they  would  require  no  wet 
vertical  force  or  moment  for  equilibrium.  Before  the  model 
was  loaded,  the  stresses  in  the  load  cells  reflected  the 
three  forces  necessary  to  support  the  model.  After  loading. 
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if  these  three  forces  remained  the  same,  then  this  implied 
that  the  loading  did  correspond  to  a realistic  seaway 
loading  system:  that  is,  one  which  does  not  require 
external  loads  for  equilibrium.  Further,  since  the  initial 
loadings  were  specifically  chosen  to  reflect  the  floating 
situation,  confirmation  of  this  by  means  of  these  load  cells 
demonstrates  that  the  weights  used  were  correctly  selected 
and  that  the  pulley  friction  had  been  effectively  eliminated. 

In  about  twenty  of  the  early  tests  (before  meaningful 
data  were  obtained)  this  check  was  performed  and  the 
loadings  confirmed.  During  the  later  tests,  efforts  were 
made  to  develop  the  maximum  structural  response  of  the  model 
and,  in  order  to  do  this,  it  was  necessary  to  provide  a 
simple  support  of  the  ship  bow  and  stern.  The  load  cells 
were  not  of  sufficient  capacity  for  this  purpose  and  were 
thus  not  attached.  These  end  reactions  were  calculated 
from  statics  instead.  Clearly,  our  earlier  experiments 
demonstrated  that  no  difficulties  were  encountered  with  the 
pulleys.  Accordingly,  the  only  checks  performed  for  these 
tests  were  double-checking  of  the  weights. 


The  Test  Procedure 


Before  any  particular  test  was  performed,  the  type  of 
loading  was  analyzed  and  the  exact  weights  to  be  used  at 
each  loading  station  determined.  The  appropriate  weights 
were  assembled  near  each  weight  pan.  The  electronic  power 
supplies  and  meter  were  left  running  for  at  least  24  hours 
before  each  test  so  that  no  problems  with  a lack  of  steady 
state  heating  of  the  strain  gauges  occurred. 

The  first  step  in  the  actual  test  process  involved  the 
reading  of  all  of  the  dial  gauges  and  strain  gauges  in 
their  initial  state.  This  took  about  30  minutes.  The 
weights  were  applied  to  the  model  in  a distributed  fashion 
(as  described  above).  When  all  of  the  weights  were  on  the 
weight  pans,  the  model  was  vigorously  vibrated  to  eliminate, 
as  much  as  possible,  any  effects  of  static  friction  in  the 
pulleys.  After  about  10  minutes  was  allowed  for  the  model 
to  relax,  the  next  step  was  performed.  The  second  step 
involved  a reading  of  all  of  the  dial  and  strain  gauges 
for  the  loaded  model.  Following  this  (usually  performed 
twice  to  guard  against  any  reading  error) , the  weights  were 
removed  and  the  first  step,  above,  was  repeated.  Rereading 
the  dial  and  strain  gauges  provided  an  indication  of 
significant  drifts  of  the  instrumentation  or,  more  likely, 
significant  thermal  effects  occurring  during  the  test. 


The  data  reduction  of  the  strain  gauges  was  done  by 
taking  the  difference  between  the  average  loaded  readings 
and  the  average  unloaded  readings.  This  process  eliminates 
linear  time  drifts  of  the  readings.  Further,  whenever  the 
difference  between  the  two  loaded  readings  of  any  one 
gauge  (taken  before  and  after  the  application  of  the  load) 
was  larger  than  20  percent  of  the  average  measured 
difference  due  to  loading,  the  point  was  thrown  out. 

That  is,  it  was  required  that  the  non-repeatibility  of  the 
gauge  zero  be  no  more  than  one-fifth  of  the  net  gauge 
reading . 

No  similar  problems  occurred  for  the  dial  gauges  and 
thus  no  such  procedure  was  required  for  them. 
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Section  IV.  TEST  PROGRAM 


Introduction 


The  purposes  of  the  test  program  were  many.  Of  course, 
it  was  desired  to  characterize  the  structural  response  of 
the  ship  under  a variety  of  different  loading  conditions. 
However,  before  such  test  results  can  be  relied  upon, 
sufficient  tests  must  be  performed  to  demonstrate  that 
the  model  is  constructed  properly,  that  the  strain  gauges 
are  working,  and  that  the  data  reduction  program  is 
working.  At  one  point  or  another  during  the  early  testing 
of  the  model  each  of  these  possible  pitfalls  was  uncovered 
and  corrected.  The  overwhelming  difficulty  was  the  thermal 
stress  problem  mentioned  in  the  previous  section.  This, 
too , was  overcome . 

The  model  test  program  was  then  divided  into  two  major 
parts:  a demonstration  phase  and  a combined  loading  phase. 

During  the  demonstration  phase,  the  model  was  subjected  to 
a series  of  simple  loadings,  such  as  vertical  bending, 
wherein  the  structural  response  could  be  quite  well 
characterized  in  advance.  In  the  case  of  vertical  bending 
it  is  reasonable  to  assume  that  Navier  theory  will  apply. 

The  combined  loading  phase  concentrated  on  typical  combin- 
ations of  expected  loadings  wherein  no  simple  known  solution 
would  be  adequate;  for  example,  a combination  of  horizontal 
bending  and  torsion. 

The  demonstration  phase  also  concentrated  on  another 
feature  of  the  basic  assumptions,  that  of  linearity.  It 
was  necessary  to  assume  linear  structural  responses  to 
develop  the  model  and  to  reduce  the  strain  gauge  readings. 

As  a result,  a series  of  tests  incorporating  similar  loading 
distributions  but  with  differing  magnitudes  and  signs  were 
conducted  to  demonstrate  the  linearity  of  the  response. 

Any  non-linearity  would  indicate  buckling,  or  more  likely 
in  this  case,  large  initial  deformations  of  the  structure 
due  to  welding. 
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A major  part  of  the  emphasis  of  the  combined  loading 
phase  was  to  develop  a picture  of  the  response  of  the 
structure  to  antisymmetric  loadings,  i.e.,  torsion  and 
horizontal  bending.  In  the  full-scale  ship,  if  stresses 
are  measured  at  the  same  locations  port  and  starboard,  it 
is  possible  to  separate  the  effects  of  vertical  bending 
from  those  due  to  the  combined  action  of  horizontal  bending 
and  torsion  by  a symmetry  argument.  There  is  no  practical 
way  of  taking  full-scale  measured  raw  data  and  separating 
the  individual  contributions  of  the  last  two  effects.  Of 
particular  importance  for  this  container  ship  is  the 
torsional  response  and  the  effect  of  warping  restraints 
afforded  by  the  bow,  stern,  machinery  box,  and  the  many 
transverse  deck  box  beams . At  sea  one  obtains  only  combined 
horizontal  bending  and  torsion  and,  as  a result,  it  is 
impossible  to  answer  the  question  of  torsional  response 
directly  from  the  at-sea  measurements.  The  tests  here 
involved  separate  loadings  of  the  model  under  torsion  alone 
and  horizontal  bending  alone,  as  well  as  tests  combining 
these  loadings.  An  additional  test  series  including  all 
three  loadings,  lateral  and  horizontal  bending  as  well  as 
torsion,  was  performed. 


Finally,  an  additional  set  of  tests  was  conducted  in 
which  the  ship  was  subjected  to  a torsional  loading  compar- 
able to  the  dockside  trials. 


The  Test  Program 

The  test  program  was  the  following: 

i.  Demonstration  Phase 

a.  Vertical  Bending 

b.  Lateral  Bending 

c.  Large  Midship  Shear 

d.  Torsion 

ii.  Combined  Loadings 

a.  Lateral  Bending  and  Torsion 

b.  Longitudinal  Bending,  Lateral  Bending,  and  Torsion 


i 


iii.  Dockside  Torsion  Trial 
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At  least  two  tests  of  each  of  these  combinations  were 
performed  by  reversing  the  sign  of  the  loads.  In  addition, 
several  tests  were  performed  using  half  of  the  required 
loads  (both  signs)  so  that  linearity  could  be  tested.  The 
individual  results  of  each  of  these  tests  were  submitted 
to  ABS  as  they  were  performed  and  the  data  reduced. 
Accordingly,  these  individual  run  data  will  not  be  presented 
here.  The  data  of  similar  runs  have  been  combined  into 
comparable  data  and  these  are  presented  in  Appendix  B. 

The  subsequent  section  will  discuss  these  results  in  detail. 
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Section  V.  THE  TEST  RESULTS 


Introduction 

The  test  results  in  Appendix  B are  combined  into 
five  different  groups: 

1.  Vertical  Bending 

2 . Lateral  Bending 

3.  Large  Midship  Shear 

4.  Torsion 

5.  Combined  Lateral  Bending  and  Torsion 

For  each  of  these  groups  that  data  is  presented  in  a 
similar  fashion.  First,  the  model  scale  loading  actually 
used  in  each  individual  test  is  presented.  This  includes 
the  weights  used,  the  mechanical  advantage  of  the  pulley 
system  employed,  and  the  net  force  on  the  model.  The 
loading  is  integrated  to  show  the  shear  and  bending  moment 
distribution,  or  for  the  case  of  torsion,  the  torsion 
moment  distribution.  Following  this  is  a series  of 
sectional  views  of  the  model  at  each  of  the  measuring 
stations  on  which  the  various  stresses  are  plotted.  The 
principal  stresses  measured  were  longitudinal  normal  stresses 
and  shear  stresses.  The  plots  are  arranged  so  that  if  the 
model  responses  were  absolutely  linear  and  if  no  reading 
errors  were  encountered,  all  the  points  would  fall  on  top 
of  one  another.  Finally,  the  measured  vertical  and  horizontal 
deck  edge  deflections  are  presented  both  in  tabular  and 
graphical  form. 

i 

Vertical  Bending 

A series  of  tests  of  the  vertical  bending  response  of 
the  model  were  performed.  In  these  tests  the  model  was 
simply  supported  at  the  ends  so  that  very  large  midships 
bending  moments  could  be  developed.  It  was  discovered  after 
the  tests  were  performed  that  the  vertical  bending  moment 

distributions  for  the  model  were  almost,  but  not  exactly,  | 

similar.  As  a result,  the  data  presented  here  has  been 
normalized  in  a special  way.  The  measured  stresses  were 
divided  by  the  local  bending  moment  at  each  station.  If 
Navier  bending  applies , then  this  ratio  would  be  constant 


L 
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and  equal  to  the  inverse  of  the  section  modulus  at  each 
location.  That  is,  the  resulting  values  should  be  equal 
to  y/I  where  y is  the  distance  from  the  neutral  axis  of 
the  station  to  the  point  in  question  and  I is  the  moment 
of  inertia  of  that  station.  The  three  tests  that  were 
performed  are: 


Label  Max.  Bending  Moment (B.M.)  Sense 


(-) 

Large  B.  M. 

325,725 

in/lb . 

hogging 

(-) 

^Large  B.M. 

170,480 

in/lb . 

hogging 

(+) 

h Large  B.M. 

170,480 

in/lb . 

sagging 

In  examining  the  bulk  of  data  one  sees  that  most  of  the 
points  lie  on  top  of  one  another  or  nearly  so,  indicating 
good  linearity  and  repeatable  measurements.  The  following 
are  worthy  of  special  note. 

1.  Section  2 inches  forward  of  Frame  10.  The  results  for 
this  section  show  an  almost  linear  variation  of  longitudinal 
stress  with  depth,  indicating  a nearly  perfect  elementary 
beam  theory  distribution.  Of  particular  interest  is  that 

the  two  gauges  located  about  one  inch  aft  of  Frame  10,  that 
is,  aft  of  the  hatch  opening,  indicate  a stress  level 
almost  twice  that  in  the  box  beam  just  forward  of  the  hatch. 
Further,  the  inboard  gauge  indicated  yet  a further  increase 
over  the  outboard  gauge,  presumably  indicative  of  a stress 
concentration  around  the  hatch  opening  itself. 

2.  Section  2 inches  forward  of  Frame  142.  This  section  was 
instrumented  both  port  and  starboard  so  that  the  effects 

of  symmetry  could  be  noted.  In  both  port  and  starboard 
sides  there  is  a slight  bending  of  the  line  connecting  the 
longitudinal  stress  point  in  the  neighborhood  of  the  main 
deck.  There  is  also  an  increase  in  stress  across  the 
deck  edge  box  beam.  It  is  felt  that  both  of  these  effects 
are  a reflection  of  shear  lag  effects  caused  by  the  drastic 
change  in  section  occurring  here,  that  is,  because  of  the 
change  from  the  closed  machinery  box  to  the  open  hatch. 

The  stresses  on  the  bottom  are  relatively  constant,  but  with 
an  apparent  dip  in  the  center,  again  presumably  due  to  shear 
lag  effects. 
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3k(*  Section  between  Frames  178  and  194.  This  section  is 
the  midships  section  and  was  the  most  highly  instrumented 
section.  The  longitudinal  stress  distribution  is  almost 
linear  along  both  sides,  but  the  distribution  is  not  as 
symmetric  as  that  of  2.  above.  In  particular,  the  rosette 
on  the  starboard  bottom  bilge  (gauges  87,  88,  89)  appeared 
to  lead  to  a much  lower  longitudinal  stress  reading.  This 
gauge  was  replaced  no  less  than  five  times  in  an  attempt 
to  improve  readings  in  this  area,  but  to  no  avail.  It 
must  be  concluded  that  some  manufacturing  defect  exists  in 
this  neighborhood,  although  none  was  apparent.  The  stress 
distribution  on  the  bottom  of  the  model  on  the  starboard 
side  shows  the  lower  stress  pattern  behavior.  The  port 
side  does  appear  to  behave  as  one  would  expect  for  Navier 
bending.  The  measured  stresses  on  the  tank  top  also 
appear  reasonable  on  the  average.  It  is  not  known  why 
the  stress  near  the  centerline  is  about  20  percent  less 
than  that  near  the  edge . 

4.  Section  1 inch  aft  of  Frame  290.  This  section  clearly 
demons  crates  Navier  bending. 

In  conclusion,  one  can  see  that  the  data  are  very 
repeatable  and  consistent.  With  the  exception  of  a small 
area  on  the  starboard  amidships  bottom,  the  stress  pattern 
is  very  nearly  that  predicted  by  elementary  beam  theory. 


Lateral  Bending 

A series  of  tests  were  run  in  which  the  lateral  bending 
response  of  the  model  was  tested.  In  these  tests  the  ends 
of  the  model  were  free,  so  that  no  end  restraints  were 
necessary.  Two  tests  were  performed,  in  one  of  which  the 
bending  moment  deformed  the  midship  section  to  port 
(relative  to  a line  between  the  bow  and  the  stern)  and  in 
the  other  the  midship  section  was  bent  to  starboard.  The 
model  is  much  larger  in  beam  than  it  is  in  depth,  and  as 
a result  the  stresses  measured  were  quite  small.  Further, 
since  the  loads  were  applied  at  the  base  line,  (the  loading 
holes  were  all  located  within  1/32"  of  the  base  line)  some 
torsion  was  introduced  because  the  shear  centers  of  the  open 
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sections  were  below  this  line  and  those  of  the  machinery 
were  above  this  line.  In  order  to  put  the  stresses  on  a 
comparable  basis,  the  stresses  for  the  lateral  bending 
moment  were  changed  in  sign.  If  the  readings  were 
exactly  repeatable,  then  the  points  would  fall  on  top  of 
one  another.  The  following  sections  are  of  special  interest. 

1.  Section  2 inches  forward  of  Frame  142.  The  longitudinal 
stresses  show  fairly  good  symmetry  and  repeatability 
considering  the  very  low  magnitude  of  strains.  Again 
elementary  beam  bending  theory  seems  to  be  a reasonable 
approximation  of  the  situation  with  nearly  constant  stresses 
in  the  sides  and  a linear  variation  of  stress  in  the  bottom. 

2.  Section  between  Frames  178  and  194.  Elementary  beam 
bending  theory  appears  to  be  exhibited  here,  but  the  discrep- 
ancy on  the  starboard  bottom  still  persists.  The  shear 
stress  distribution  also  is  close  to  that  predicted  by 

beam  theory,  but  these  stresses  were  so  low  that  it  is  not 
possible  to  draw  many  conclusions  from  them. 

3.  The  deck  edge  deflections.  The  horizontal  displacements 
of  the  deck  edge  appeared  to  be  reasonable,  if  somewhat 
small.  The  vertical  deflections  were  vanishingly  small. 


Large  Midship  Shear 

Both  the  vertical  and  horizontal  bending  loadings 
discussed  above  did  not  lead  to  large  shear  stresses  within 
the  structure.  In  order  to  validate  the  shear  response  of 
the  model,  a loading  was  developed  which  yielded  a very 
large  vertical  shear  amidships . The  loading  was  performed 
twice,  once  with  the  opposite  sign  of  shear  to  the  other. 
The  resulting  stresses  were  plotted  by  reversing  the  sign 
of  one  run  so  that  the  stresses  would  be  comparable. 

In  this  case,  the  end  of  the  model  was  simply  supported 
so  that  a larger  midship  shear  could  be  obtained.  The  end 
reactions  due  to  these  supports  were  calculated  by  statics. 
Except  at  midships,  a very  substantial  bending  moment  also 
occurred,  so  that  at  other  stations  a substantial  Navier 
bending  pattern  could  be  observed . 


. 
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At  the  midship  station  (between  Frames  178  and  194) 
the  longitudinal  stresses  are  very  small  all  around  the 
periphery.  This  is  an  indication  of  the  small  bending 
moment  in  this  region.  Since  this  is  a symmetrical 
loading,  the  shear  stress  distribution  should  likewise  be 
symmetrical.  Further,  the  shear  stress  should  become 
zero  at  the  top  of  each  side  and  also  at  the  centerline 
at  the  bottom,  again,  from  symmetry.  For  the  most  part 
all  of  these  conditions  are  met.  An  exception  is  the 
starboard  bottom  which  has  positive  shear  stresses  when, 
from  symmetry,  it  should  have  negative  stresses.  This  is 
the  same  region  which  produced  incorrect  results  in  the 
other  simple  loadings. 

As  expected,  the  model  deflected  very  little  in  the 
horizontal  direction,  but  did  deform  with  an  "S"  shape 
curve  in  the  vertical  direction  as  expected. 


Torsion 

A series  of  four  experiments  were  performed  in  which 
the  model  was  loaded  in  pure  torsion.  The  loading  was 
performed  so  that  the  ends  of  the  model  were  free  of  load 
and  it  was  unnecessary  to  provide  any  end  supports.  Two 
of  the  tests  used  a distribution  which  yielded  a maximum 
torque  of  93,000  in/lbs.  amidships  (one  test  of  this  was 
a clockwise  moment,  the  other  test  was  a counterclockwise 
moment).  The  remaining  two  tests  used  distributions  similar 
to  the  previous  distributions,  but  with  a maximum  torque 
exactly  half  that  of  the  previous  two  cases.  The  results 
of  these  four  cases  should  correspond  exactly  if  one 
accounts  for  the  signs  and  factors  of  two.  This  arithmetic 
has  been  performed  in  a way  such  that  the  data  points 
presented  in  Appendix  B should  fall  on  top  of  one  another, 
if  the  tests  and  electronics  were  perfectly  repeatable. 

The  following  aspects  of  the  presented  data  are  worthy 
of  note: 

1.  Section  2 inches  forward  of  Frame  10.  Although  the  dis- 
tribution of  loads  leaves  this  section  free  of  load,  there 
are  small  but  not  negligible  longitudinal  stresses  here. 

These  stresses  in  the  side  shell  and  in  the  torsion  box 
indicate  that  the  stern  section  (itself  a closed  box)  is 
offering  a considerable  amount  of  warping  restraint  to  the 
twisting  of  the  forward  part  of  the  ship,  which  is  under  load. 
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2.  Section  5.4  inches  forward  of  Frame  78.  This  section 
is  roughly  in  the  center  of  the  three  full  width  hatches 
aft  of  the  machinery  section.  The  gauges  indicate  a 
significant  shear  stress  around  the  section,  which  one 
would  expect  in  this  situation. 

3.  Section  2 inches  forward  of  Frame  142.  At  this  section, 
the  longitudinal  stresses  in  the  side  shell  are  linearly 
distributed  with  depth,  indicating  significant  bending  of 
the  shell.  This  means  that  the  machinery  box  is  affording 

a considerable  amount  of  warping  restraint.  Also,  the 
longitudinal  stresses  in  the  torsion  box  at  the  deck  edge 
are  very  large.  The  stress  pattern  in  this  box  indicates 
a significant  amount  of  transverse  bending  of  the  box, 
further  indication  of  the  warping  restraint  offered  by  the 
machinery  box.  The  overall  response  of  this  section  is 
nearly  antisymmetric,  as  it  should  be. 

4.  Section  between  Frames  178  and  194.  Here  the  longitudinal 
stress  pattern  is  rather  less  linear  in  the  side  shell,  in- 
dicating a somewhat  reduced  effect  of  warping  restraint. 

The  antisymmetry  is  nearly  preserved  again,  however,  the 
outboard  bottom  gauge  again  yields  stresses  not  in  keeping 
with  the  rest  of  the  stress  pattern.  The  shear  stress 
pattern  indicates  that  both  the  side  shell  and  the  closed 
tubes  are  participating  nearly  equally  in  response  to  the 
loading . 

5.  Section  1 inch  aft  of  Frame  290.  The  response  of  this 
section  is  similar  to  that  of  Station  10  near  the  stern. 

There  is  no  torsional  load  in  this  area,  but  the  linear 
distribution  of  longitudinal  stress  indicates  that  the  closed 
box  section  is  offering  a large  warping  restraint.  Notice 
also  that  the  stresses  in  the  deck  edge  torsion  box  are 
large  and  vary  in  sign  between  the  deck  at  side  and  the  hatch. 
This  indicates  a very  strong  transverse  bending  of  the  box 

in  this  area  and  evidence  that  the  warping  restraint  of  the 
bow  includes  not  only  the  side  shell  but  the  torsion  box 
as  well. 

The  deck  edge  deflections  under  this  loading  give  a 
good  picture  of  the  overall  hull  response.  The  vertical 
deflections  show  that  most  of  the  twist  of  the  hull  occurs 
in  the  forward  section  of  the  ship,  that  is,  between  the 
machinery  box  and  the  bow.  This  is  not  surprising  since 
the  applied  torques  are  highest  here  and  there  is  a long 
run  of  open  hatch  sections.  The  horizontal  deflections  also 


show  this,  but  one  must  remember  that  the  reference  line 
lies  between  the  centerline  of  the  stern  and  the  bow. 
Relative  to  this  line,  the  horizontal  deflections  appear 
to  be  an  "S"  curve.  The  fact  that  both  the  vertical  and 
horizontal  deflections  do  not  appear  to  go  to  zero  at  the 
stern  is  merely  an  indication  that  the  reference  line  is 
at  an  angle  to  the  local  direction  of  the  ship  centerline 
at  the  stern.  Clearly,  the  deflections  show  that  the 
section  of  full  width  hatches  forward  of  the  machinery 
box  have  the  least  torsional  stiffness. 


Lateral  Bending  and  Torsion 

In  order  to  develop  a composite  picture  of  this  type 
of  combined  loading,  five  separate  tests  were  performed. 

In  all  of  the  tests,  the  distribution  of  lateral  bending 
and  torsion  loads  remained  the  same  in  shape  and  magnitude. 
Two  of  the  tests  were  conducted  under  the  same  conditions 
of  lateral  bending  and  torsion.  One  test  was  conducted  in 
which  the  signs  of  both  the  lateral  bending  and  torsion 
were  reversed. 

The  remaining  two  tests  included  a vertical  bending 
distribution  superimposed  on  the  lateral  bending  and 
torsion  distribution.  The  first  of  these  tests  used  one 
sign  for  lateral  bending  and  torsion;  the  other  used  the 
opposite  sign  for  these  distributions.  Thus,  the  difference 
between  these  runs  eliminates  (if  the  response  is  linear) 
the  effect  of  the  vertical  bending  distribution.  The  results 
of  all  of  these  tests  are  presented  in  Appendix  B in  a 
compatible  form,  as  before. 

The  results  for  the  stress  distribution  appears  nearly 
the  same  as  for  the  case  of  torsion  alone,  since  the 
magnitude  of  stresses  introduced  by  the  lateral  bending 
are,  in  general,  much  smaller  than  those  introduced  by  the 
torsional  loading. 
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Section  VI.  SUMMARY  AND  CONCLUSIONS 


This  study  included  several  facets:  a model  develop- 
ment, model  construction,  and  an  extensive  test  program. 

A summary  of  the  important  highlights  and  conclusions 
follows . 


The  Model 


1.  It  is  possible  to  develop  a satisfactory,  relatively 
small  scale  structural  model,  but  it  is  necessary  to  have 
the  plating  thickness  larger  than  scale.  The  model  developed 
here  had  a plating  thickness  approximately  three  times 
thicker  than  scale.  Due  to  the  availabiltiy  of  standard 
sizes  of  steel  plate,  some  elements  were  thicker  than  desired, 
others  were  thinner. 

2.  It  was  not  possible  to  include  all  of  the  structural 
complexity  in  the  model.  All  of  the  secondary  structure 
(brackets,  stanchions,  etc.)  was  omitted  and  much  of  the 
primary  structure  was  greatly  simplified. 

3.  A finite  element  analysis  of  the  model  and  ship  midship 
sections  indicated  that  nearly  the  same  torsional  response 
was  observed  for  both.  No  analysis  was  performed  for  either 
vertical  or  horizontal  bending. 

4.  Peculiar  stress  measurements  consistently  occurred  on 
the  starboard  side  of  the  midship  section  (halfway  between 
Frames  178  and  194).  No  irregularities  in  the  model  could 
be  observed  in  this  location.  In  spite  of  repeated  changes 
in  strain  gauges,  the  peculiar  results  persisted.  One  must 
conclude  that  some  internal  irregularity  must  exist  in  the 
unexposed  portion  of  the  double  bottom  structure  in  this 
region. 
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The  Measuring  Instrumentation 


1.  The  strain  gauges  used  provided  nominal  temperature 
compensation.  However,  due  to  the  combined  effects  of  small 
measured  strains  and  large  thermal  gradients  in  the  test 
facility,  unacceptable  large  thermal  stresses  were  observed 
during  either  hot  or  cold  days.  As  a result,  the  tests 
were  performed  only  on  those  cloudy  or  rainy  days  in  which 
the  heaters  were  not  on  and  the  outside  temperature  varied 
only  slightly. 

2.  Individual  gauge  readings  were  rejected  if  the  drift 
(presumably  due  to  thermal  effects)  was  greater  than  20 
percent  of  the  gauge  reading  due  to  load.  The  repeatibility 
and  linearity  of  the  retained  readings  was  exceptionally 
good . 

3.  The  deflection  measurements  were  made  by  precision, 
mechanical  dial  gauges.  No  difficulty  was  encountered  with 
this  system. 


The  Loading 

1.  The  model  was  loaded  by  means  of  calibrated  steel  weights 
and  precision  pulleys.  The  purchase  of  the  pulleys  was 
limited  to  2:1. 

2.  The  loading  was  performed  through  loading  bars  which 
were  attached  by  brackets  to  the  model  at  several  bulkheads . 
The  selected  bulkheads  were  at  least  one  hatch  length  away 
from  any  strain  measuring  station. 


The  Results 

1.  Tests  of  vertical  bending  yielded  results  which  show  that 
the  model  responds  closely  to  elementary  beam  theory.  There 
is  some  evidence  of  stress  concentration  on  those  sections  in 
which  the  hull  structure  changes  dramatically,  for  instance, 
just  forward  of  the  machinery  box. 
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2.  Tests  of  horizontal  bending  show  that  Navier  bending 
occurs  for  this  loading  as  well.  However,  because  the 
ship  is  very  stiff  transversely,  the  resultant  stresses 
were  quite  small  and  not  as  well  defined  as  for  vertical 
bending . 

3.  Tests  involving  a very  large  vertical  shear  amidships 
developed  a shear  stress  pattern  in  this  area  large  enough 
to  measure  accurately.  This  pattern  appeared  to  have  the 
correct  shape  and  meet  the  known  boundary  conditions  at  the 
keel  and  at  the  deck  edges . 

4.  The  response  of  the  ship  to  pure  torsion  demonstrated 
several  things: 

a.  Both  the  bow  and  stern  sections  offer  a considerable 
warping  restraint. 

b.  The  machinery  box  is  a particularly  effective 
warping  restraint. 

c.  Transverse  bending  of  the  deck  edge  torsion  box 
yields  very  large  stresses  on  the  hatch  side  of  this 
box  just  forward  of  the  machinery  box.  This  is  a 
further  evidence  of  the  warping  restraint  offered 

by  the  machinery  box.  Similar  large  bending  stresses 
were  observed  in  the  deck  edge  torsion  box  just  aft 
of  the  forecastle. 
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APPENDIX  A 

EVALUATION  OF  MODEL  DESIGN  BY  FINITE  ELEMENT  METHODS  (FEM) 


A finite  element  calculation  was  performed  on  a 
parallel  section  of  the  ship  and  a similar  section  of  the 
ship  model.  Additionally,  FEM  calculations  were  also 
performed  for  a typical  transverse  bulkhead  - both  model 
and  full  scale. 

A.  Midship  Section 

For  the  midship  study,  both  sections  included  one  long 
container  hold  and  one  short  container  hold  (a  total  section 
length  of  91.868  ft . full  scale).  The  finite  element  mesh  for 
the  ship  is  shown  in  Figures  A-la  through  A-lc,  and  that  for 
the  ship  model  in  Figure  A-2.  The  following  assumptions 
were  made  in  this  analysis: 

i.  Symmetry.  Because  of  symmetry,  torsional  loading  could 
be  applied  as  a pure  antisymmetric  load  and  only  half  of  the 
structure  needed  to  be  analyzed. 

ii.  Boundary  conditions.  Along  the  symmetry  line:  No 
deflections  occured  in  the  longitudinal  and  vertical  direction 
In  the  case  of  full  warping  restraint  at  the  section  x=0, 
this  section  was  completely  fixed  in  all  directions.  For 

the  case  of  no  warping  restraint  at  the  end  x=0,  all  nodes 
were  free  to  move  in  the  x-direction  at  this  section  (except 
nodal  points  at  £ ) . 

iii.  Structural  Simplifications. 

a.  Several  sidegirders  and  floors  in  the  inner  bottom  were 
lumped  together. 

b.  Stiffeners  were  lumped  together  and  included  in  the 
structure  as  bar-elements. 

c.  Plating  thicknesses  for  bottom,  sides,  deck  and  bulkheads 
were  not  changed.  However,  the  thickness  of  the  bulkhead 

at  the  end  of  the  section  was  reduced  with  a factor 

The  finite  element  model  did  not  include  a box  beam  on  the 
forward  most  bulkhead  as  shown  in  Figure  A-2.  As  will  be 
shown  later,  Lhese  boxes  have  little  effect  on  the  total 
torsiona)  response  and  their  omission  (or  inclusion)  does  not 
appear  crucial. 


The  loads  were  applied  uniformly  as  vertical  forces 
along  the  free  end  bulkhead.  The  torque  applied  to  the 
model  was  5 x 10 3 lbs.  in.  and  the  torque  applied  to  the 
prototype  ship  was  8.68xl08  lbs.  in.  The  loading  applied  on 
ship  is  4.3  times  the  corresponding  load  applied  on  the 
model  after  scaling.  Thus,  for  comparison,  the  results 
of  the  ship  were  divided  by  4.3,  and  the  stress  sign  is 
reversed  since  loading  signswere  also  reversed.  In  the 
finite  element  analysis  only  one-half  of  the  structure, 
and  the  loading  were  used. 

Figures  A-3a  through  A-3j  show  the  resulting  stress 
distribution  from  the  finite  element  analysis  of  the  model. 

Figures  A-4a  through  A-4j  show  the  corresponding  stress 
results  of  the  ship  portion. 
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Figure  A-3b  Shear  Stresses  at  Section  IV  (Model  Results) 


Fig.  A-3a  and  A-3b  can  be  compared  directly  as  the  difference 
in  stresses  is  caused  by  the  fact  that  the  lengths  of  the 
holds  are  not  the  same.  However  the  stress  distributions 
correspond  quite  well.  The  term  "Predicted  distribution" 
is  used  because  the  program  gives  averaged  stress  at  the 
nodal  points,  and  this  is  not  correct  when  the  stresses  are 
averaged  over  a closed  and  open  section. 


Figure  A-3d.  Shear  Stresses  At  Bulkhead 
Section  III (Model  Results) 

The  very  high  peak  in  shear  stress  is  caused  by  the 
transverse  box  girder  at  the  bulkhead.  The  stress 
distribution  along  this  girder  will  be  drawn  later. 


Shear  Stresses  Of  The  Transverse 
Box  Main  Deck  Plating  At  Section  III 
(Model  Results) 


Figure  A-3h.  Shear  Stresses  At  Sections  Of  The 
Transverse  Box  Girder  Section  III 
(Model  Results) 


Stresses  at  these  points  can't 
be  plotted  due  to  an  error  in 
stress  average  codes 


Figure  A-4f.  Shear  Stresses  At  Bulkhead  Section  V 

(Ship  Results) 
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Of  particular  interest  in  this  study  was  the  warping 
of  the  transverse  box  girder  (Figures  A-5a  S A-5b).  With 
regard  to  these  figures  which  show  the  normal  stress 
distribution , 

1.  The  curves  show  a remarkable  similarity  with  highest 
stresses  near  the  longitudinal  box  girder  at  the  ship  side. 
This  is  expected  because  the  box  girder  is  restrained  from 
warping  at  the  ship  side,  but  free  to  move  at  the  centerline. 
Hence,  there  diould  be  no  stresses  at  the  centerline.  The 
calculated  stresses  are  also  relatively  small.  The'errcr, 
(difference  from  0)  is  caused  because  the  nodal  point 
stresses  are  averaged  stresses. 

2.  The  high  difference  in  stresses  at  nodal  points  at  the 
longitudinal  box  girder  at  the  ship  side  is  caused  by  the 
averaging  of  stresses.  Especially,  the  averaging  of 
stresses  in  transverse  direction  along  the  longitudinal 
box  girder  tends  to  reduce  the  transverse  stresses  in  the 
bottom  and  top  plating  of  the  transverse  girder. 

3.  An  interesting  investigation  is  to  check  the  horizontal 
deck  displacement  of  the  model  and  the  ship,  also  taking 
into  account  warping  and  displacement  of  the  transverse 
deck  girder.  Previously,  the  displacement  and  warping  have 
been  discussed  separately.  The  deflected  shapes  of  the  main 
deck  both  for  the  model  and  the  ship  are  drawn  in  Fig.  A-6 . 

It  is  interesting  to  see  the  similarity  of  the  two  decks. 
(Note  that  the  direction  of  the  deflection  is  changed  for 
the  ship  and  adjustments  were  made  for  the  model  in  order 

to  make  the  results  comparable) . 

The  transverse  boxes  have  very  little  influence  on  the 
torsional  rigidity.  This  should  indicate  that  the  effect 
of  warping  rigidity  caused  by  the  transverse  deck-strip 
is  very  little,  and  it  is  most  correct  to  scale  the  model 
according  to  free  torsion.  Previously  it  has  been  shown 
by  Roren  that  the  influence  of  a thin  deck  strip  is  very 
little.  However,  at  the  deck  corners  high  warping  stresses 
in  the  transverse  box  girder  were  obtained.  But  because 
of  the  large  elements  used  in  the  calculation,  a more 
detailed  study  is  necessary  if  the  actual  stress  concentrated 
effects  are  to  be  obtained. 

Figures  A-6b  and  A-6c  show  the  computed  measurements, 
both  vertical  and  horizontal,  of  the  deck  edge. 


Outboard  portion  (Model  Results) 


Inboard  portion  (Model  Results) 


Outboard  portion  (Ships  Results) 


Inboard  portion  (Shipc  Results) 


Figure  A-5.  Warping  Stresses  (PSI)  In  The 

Transverse  Box  Girder-Section  III 
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The  warping  deformations  at  the  free  end  of  the 
midship  section  were  also  compared.  If  the  same  angle  of 
twist  exists  over  a comparable  length  of  the  ship  and  the 
model,  the  warping  at  the  end  section  should  be  to  the 
linear  scale. 

Hence  it  is  necessary  to  multiply  the  obtained 
ordinates  with  the  factor. 

4.3  x 50  x 2.54  = 547 

To  obtain  comparable  values  on  the  model,  when  the  displace- 
ments are  multiplied  by  this  factor  (the  numbers  in  paren- 
thesis), the  warping  corresponds  very  well,  and  the  mode" 
pretty  well  represents  the  behavior  of  the  ship  in  free 
torsion,  see  Figure  A-7. 
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Comparisons  were  made  of  the  angle  of  twist  over  the 
section  by  measuring  the  deflections  at  the  deck  edge  at 
the  forward  most  bulkhead. 

The  deflections  of  this  point  were: 


deflection  in  cm 
( inches ) 

model 


vertical 


0.0198 

(0.0078) 

4 .307 
(1.698) 


horizontal 


0.02306 
(0.0908  ) 

4.862 

(1.9142) 


total  distance 


0.0304  (0.01197) 


6.50  (2.559) 


The  distance  from  the  centerline  at  the  keel  to  the  deck 
edge  is  20.0"  for  the  model  and  994  in.  for  the  ship. 
Using  these  results,  the  total  angles  of  twist  become: 

* 0.01197  . __ 

77> — = 5.99x10  rad. 


* = 

262 6 


2.  57xl0~3  rad. 


The  loading  of  the  model  was  4.3  times  too  small  (as 
discussed  previously)  and  thus  the  corrected  angle  of  twist 
for  the  model  for  a comparable  load  is 

<*>'"=  2.  S7x  lP  rad. 

The  values  of<3>p  and  therefore  concide  to  3 decimal 
places  for  this  case  of  free  torsion.  Thus,  the  simplifi- 
cations introduced  in  the  model  do  not  lead  to  differences 
in  twist  deflections. 

B.  Bulkhead  Structure. 

In  the  bulkhead  structure  study  a ship-like  bulkhead 
was  used  (see  Figure  A-8a)  and  another  representing  those 
used  in  the  model  (Figure  A-8b). 
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Boundary  conditions  used  in  the  calculations  were  as 
follows.  Along  bulkhead  at  centerline  the  nodal  points 
were  completely  fixed  in  all  directions.  The  rest  of  the 
nodal  points  at  the  centerline  were  fixed  in  the  vertical 
and  longitudinal  direction,  but  were  free  to  move  in  the 
transverse  direction.  These  boundary  conditions  were 
required  to  take  advantage  of  symmetry  in  the  calculations . 

To  prevent  the  structure  from  rigid  body  rotation  about 
a vertical  axis,  one  nodal  point  at  the  shipside  was  fixed 
(the  upper  one  on  the  bulkhead). 

Calculations  were  made  for  two  bulkheads,  one  similar 
to  the  real  one,  and  one  where  the  stiffeners  were  lumped 
together.  No  material  was  "thrown  away,"  in  the  simplified 
case,  except  for  the  stiffening  plates  inside  the  transverse 
box  girder.  This  would  have  no  influence  on  the  result, 
since  the  box  girder  was  very  stiff  in  itself  besides  being 
stiffened  by  these  bulkheads. 

A warping  moment  of  0.868xlO8  lbs.  in.  on  the  full  scale  ship 
was  applied  by  means  of  longitudinal  forces  applied  to  the 
outer  hull  of  the  ship.  The  loading  was  introduced  by 
forces  at  the  nodal  points  along  the  ship  side.  Referring 
to  Figure  A-8a  forces  of  -46737.9  lb.were  applied  at  nodes 
78  and  64  and  of  +46737.9  lb.  were  applied  at  nodes  36  and 
50.  Although  these  loads  did  not  correspond  to  any  known 
real  situation,  they  were  qualitatively  correct  and  represented 
a reasonable  loading  for  comparison  purposes.  Figure  A-9 
shows  that  longitudinal  deflections  of  the  ship  side  caused 
by  this  loading. 


Figure  8b. 
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Inches 


Real  Bulkhead 

Simplified  Bulkhead 


A further  study  of  deflections  compared  the  longitudinal 
deflection  at  the  inner  bottom  (Fig.  A-lOa) , transverse 
girder  on  the  bulkhead  (Fig.  A-lOb),  the  lower  (Fig.  A-lOc) 
and  upper  (Fig.  A-lOd)  plating  on  the  transverse  box 
girder,  and  at  the  vertical  girder  (Fig.  A-lOe) . 


Figure  A-lOa.  Longitudinal  deflection  of  the  Inner  Bottom  Plating 


Inches 


Figure  A-IQb.  Longitudinal  deflection  of  the  transverse  girder  on  bulkhead. 
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_ _ Simplified  Bulkhead 


(z.i>5) 

2'3  2.31 


nodal  n<$. 

real  bhd  t>b 
simplified'^ 
bhd. 


Figure  A-lOc.  Longitudinal  deflection  in  the  lower  plating  (second  deck)  of 
transverse  box  girder. 
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Figure  A-lOd.  Longitudinal  deflection  in  the  upper  plating  (main  deck)  of 
transverse  box  girder. 


A-38 


Inches 


Figure  A-4Qe.  Longitudinal  deflection  at  vertical  girder  214.2  inches  from 
centerl i ne- 


xt is  interesting  to  see  that  the  deflection  of  the  real  and- 
simplified  bulkhead  do  not  differ  significantly,  even  if 
the  lumping  of  the  stiffeners  in  the  simplified  case 
is  pretty  rough.  In  general  the  displacement  follows 
the  same  pattern  with  the  simplified  bulkhead  values  a 
little  larger  than  those  of  the  real  bulkhead. 

Results  for  the  shear  stresses  in  the  bulkheads  were 
also  analyzed  (Fig.  A-lla  through  A-lld).  All  numbers 
in  ( ) refer  to  the  simplified  case.  The  curve  is 

dotted  in  this  case.  Nodal  points  are  underlined.  The 
model  simplifications  lead  to  no  significant  differences. 

As  a result  of  these  rather  comprehensive  finite 
element  calculations  it  can  be  concluded  that  the  1:50 
scale  model  exhibits  the  same  structural  behavior  as 
the  full  scale  ship.  Differences  do  occur,  of  course, 
but  these  appear  to  be  relatively  minor. 
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Figure  A-lla.  Shear  stress  distribution  (psl)  vertical 
section  at  centerline.  Model  vs.  Ship 
(Model  data  and  results  are  in  parenthesis) 
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Figure  A-llb.  Shear  stress  distribution  (psi)  vertical  section 
(10*4.7  in.)  from  centerline  (Kote  scale  change 
from  Fig.  A-lla)  Model  vs.  Ship 
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STRUCTURAL  TESTS  OF  SL-7  SHIP  MODEL 


APPENDIX  B:  TEST  DATA 
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SECTION  AT  HATCH  CORNER 
PORT  SIDE  FRAME  62 
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GAGE  15,16,17,0 
18  ARE  NOT 
SHOWN  IN  THIS 
VIEW.  THEY  ARE 
LOCATED  ON  THE 
OUTBOARD  SIDE 


NO.  OF  ROSETTES 
-1(250  RA) 
SINGLE  GAGES 

-10(250  BG) 


DATE  OF  EXPERIMENT 
AUG.  21  ‘ 22,19  72 


SCALE  OF  STRESS 

0 .5  I KSI 


^£L 


G 

V 


OF  THE  SHELL  PLATE. 


t B.M. 
- (-  B.M) 


SECTION  5.4“  FORWARD  OF  FRAME  78 


SHEAR  STRESS  DUE  TO  LATERAL  BENDING 


NO.  OF  ROSETTES  - 2(125  RA) 

- 4(250  RA) 

SINGLE  GAGES  - 1(250  BG) 


DATE  OF  EXPERIMENT  AUG 21*22, 1972 
SCALE  OF  STRESS 


o 

v 


+ B.M. 
(-BM) 


LOOKING  FORWARD 


SECTION  2“  FORWARD  OF  FRAME  S42 
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SECTION  2 FORWARD  OF  FRAME  142 

LONGITUDINAL  STRESSES  DUE  TO  LATERAL  LENDING 

NO.  OF  ROSETTES  -4(125  RA) 
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SECTION  2“  FORWARD  OF  FRAME  142 

LONGITUDINAL  STRESSES  DUE  TO  LATERAL  BENDING 
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SECTION  2 FORWARD  OF  FRAME  10 
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FIGURE  3 
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HORIZONTAL  MODEL  DEFLECTIONS  (IN. 
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LATERAL  BENDING  + _T 0 ,riS ! 0 N 


[ (♦  LONG.  + LAT,+TOR.)  - (+  LONG.,  - LAT.,-TOR. 


2 

3 

4 


OCTOBER  30 


+ LATERAL  BE  ND1NG  ,+  TORSION 
+ LATERAL  BENDING, +T0  RSI  ON 
-(-LATERAL  BENDING, -TO  RSI  ON) 


i KGVEMB5-X  17,1072- 
OCTOBER  5,  1972 
OCTOBER  II,  I *37 2 
SEPTEMBER  25,1972 


LATERAL 

LOADS 

(LBS) 


LATERAL 
SHEAR 
FORCE 
C LBS) 

X lO1 

LATERAL 

BENDING 

WOMtNT 

(lbs-in) 
X I O4 


VERTICAL 
LOADS 
( L BS) 


VERTICAL 
SHEAR 
FoRc  E 
ClBS)x  lO1 


VERTICAL 
PEN  PlNCi 
MOMENT 
(LBS-IN) 


Includes  a mechanical  advantage  of  2,  by  the  pulleys. 


TORSION  A 
FOMENT 

( LBS  - IN') 


Date  of  Experiment  30  October  1972 
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r £ 0>  r 


10  30  146  62  78  96  112  120  , 160  178  19k  210  226  2k?  258  2714  290  311  3^2  FP  LOA 
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LATERAL  U P0R1\ 
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LATERAL  Tfc 
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B5-|N)*|0V 


e$d. 


660138*  850* 


Co  60.13)  8 


5 1,5  I O 
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>.76  ; 
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r PORT, 

LOADS 

(LBS)  i 

k STBD 

22! 

>96*  ; 

Z2i7(T  Z5lz.5* 25l2.5  * 25|2.s*  25t2.5#22^4*zzb,^"22?.%* 


2 2196*  2512,5*25(2.5*  2*2.5*  2*2,5*22?.94-*22k94-*  1«.%* 


5L5Q5 

38  627  30,62  i 


Tors\onaL 

MOMENT 

(L&S-IN) 


l2$,750j 


25J5C 


>2,873 


12,8731 


* Includes  a mechanical  advantage  of  ?,  by  the  pulleys, 
Date  of  Experiment  5 6 11  October  1972 
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SECTION  2"  FORWARD  OF  FRAME  10 

LONGITUDINAL  STRESSES  DUE  TO  LAT.  3.M.  + TORSION 

• : i 

NO.  OF  ROSETTES"  3(125  RA) 

SINGLE  GAGES  - 6(250  BG) 

DATE  OF  EXPERIMENT  ,1972 

SCALE  OF  STRESS 


» 


p 


IT 


B-114 

SECTION  5.4"  FORWARD  OF  FRAME  73 

SHEAR  STRESS  DUE  TO  LAT.  B.M.  + TORSION 

NO.  OF  ROSETTES  - 2(125  RA) 

- 4(250  RA) 

SINGLE  GAGES  - 1(250  BG) 

DATE  OF  EXPERIMENT  . ,1972 

SCALE  OF  STRESS 

0 3 6KSI 

f~~~  L— •— 


FIGURE  3 


NO.  OF  ROSETTES  - 4 (250  RA) 

- 2 (125  RA) 
SINGLE  GAGES  - 9 (250  BG) 


RWARD 


SECTION  2"  FORWARD  OF  FRAME  142 

LONGITUDINAL  STRESSES  DUE  TO 

NO.  OF  ROSETTES  -4(125  RA) 

-2  (250  RA) 

SINGLE  GAGES-  9(250  BG) 

DATE  OF  EXPERIMENT  ,1972 


SCALE  OF  STRESS 


SECTION  2 FORWARD  OF  FRAME  14 

LONGITUDINAL  STRESSES  DUE  TO  LAT.  BM.  + TOP-SIGN 


NO.  OF  ROSETTES-  4(125  RA) 

- 2 (250  RA) 

SINGLE  GAGES  - 9 (250  BG) 


DATE  OF  EXPERIMENT 


t 1972 


0 


SCALE  OF  STRESS 

3 6KSI 


o I 
o 2 
□ 3 
a 4 


I 

_1 


,A- 


56 


59/  + V5K&' 


58 


FIGURE  4b 


rvD 


SECTION  2 FORWARD  OF  FRAME  142 

LONGITUDINAL  STRESSES  DUE  TO  LAT.  B.M.  + TORSION 

NO.  OF  ROSETTES  - 4(125  RA)  G[ 

-2(250  RA)  o2 

SINGLE  GAGES  - 9 (250  BG)  n. 


DATE  OF  EXPERIMENT 
SCALE  OF  STRESS 


,1972 


29 

1 — 

28  | 

LOOKING  FORWARD 

_BHDJ42 


BOTTOM  PLATE 


FIGURE  4 c 


SINGLE  GAGE-  2(250  BG) 
ROSETTES  - 4 (125  RA) 


LOOKING  FORWARD 


SECTION  BETWEEN  FRAMES  173  £ IS 


LONGITUDINAL  STRESSES  DUE  TO  LAT.  BM  + TORSION 

SINGLE  GAGES  - 2(2SO  DG) 

NO.  OF  ROSETTES  - 4(125  RA) 

- 12(250  RA) 


DATE  OF  EXPERIMENT 

SCALE  OF  STRESS 

0 . 3 6 KSI 


,1972 


o l 
o 2 
□ 3 

A 4 


8 I \ / 86 

82-40  85 


79  80 

J\l/ 


74  7 7 


LOOKING  <s\ 
FORWARD""  so 
6' 


FIGURE  6c3 


SECTION  BETWEEN  FRAMES  ITS  G 19- 


LONGITUDINAL  STRESSES  DUE  TO  LAT  B M + TORSION 
SINGLE  GAGES  - 2(250  BG) 

NO.  OF  ROSETTES  - 4(125  RA)  o , 

-12(250  RA)  o 2 

DATE  OF  EXPERIMENT  t 1972  1 

SCALE  OF  STRESS 


SECTION  BETWEEN  FRAMES  ITS  a 134 


LONGITUDINAL  STRESSES  DUE  TO  LAT.  B.M.  + TORSION 

SINGLE  GAGES  - 2(250  BG) 

NO.  OF  ROSETTES  - 4(125  RA) 

-12(250  RA)  o I 

o 2 

DATE  OF  EXPERIMENT  ,1972  □ 3 

SCALE  OF  STRESS  A 4 


TANK  TOP 


FIGURE  6 d 


SECTION  AT  HATCH  CORNER 
PORT  SIDE  FRAME  220 


LONGITUDINAL  STRESSES  DUE  TO  LAT.  B.M.  + TORSICi 


GAGES  117,110,119,120,  no.  OF  ROSETTES 
a 121  AFIE  NOT  SHOWN  "1(200  RA ) 

IN  THIS  VIEW.  THEY  PA  PTC 

ARE  LOCATED  AS  S'NGL.E 

SHOWN  IN  10(250  GG) 

sPTHER  VIEWS. 

DATE  OF  EXPERIMENT 


,1972 

SCALE  OF  STRESS 


2 

SECTION  l"  AFT  OF  FRAME  2S0 


LONGITUDINAL  STRESSES  DUE  TO  LAT.  B.M.  + TORSION 

NO.  OF  ROSETTES  "2(250  RA) 

- I (125  RA) 

SINGLE  GAGES  " 6(250  BG) 

DATE  OF  EXPERIMENT 
,1972 

SCALE  OF  STRESS 
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RUN  NO 


MODEL  DEFLECTION  FROM  THE 
NO-LOAD  CONDITION.  IN  INCHES 
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EQUIVALENT  DEFLECTIONS  OF 
FULL  SCALE  SHIP.  IN  INCHES. 
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